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ABSTRACT
Silicon photonics has been a rapidly growing subfield of integrated optics and
optoelectronic in the last decade and is currently considered a mature technology. The main
thrust behind the growth is its compatibility with the mature and low-cost microelectronic
integrated circuits fabrication process. In recent years, several active and passive photonic
devices and circuits have been demonstrated on silicon.
Optical delay lines are among important silicon photonic devices, which are
essential for a variety of photonic system applications including optical beam-forming for
controlling phased-array antennas, optical communication and networking systems and
optical coherence tomography. In this thesis, several types of delay lines based on apodized
grating waveguides are proposed and demonstrated. Simulation and experimental results
suggest that these novel devices can provide high optical delay and tunability at very high
bit rate.
While most of silicon photonics research has focused in the near-infrared
wavelengths, extending the operating wavelength range of the technology into in the 3–5
µm, or the mid-wave infrared regime, is a more recent field of research. A key challenge
has been that the standard silicon-on-insulator waveguides are not suitable for the midinfrared, since the material loss of the buried oxide layer becomes substantially high. Here,
the silicon-on-sapphire waveguide technology, which can extend silicon’s operating
wavelength range up to 4.4 µm, is investigated. Furthermore, silicon-on-nitride
waveguides, boasting a wide transparent range of 1.2–6.7 μm, are demonstrated and
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characterized for the first time at both mid-infrared (3.39 μm) and near-infrared (1.55 μm)
wavelengths.
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CHAPTER ONE: INTRODUCTION
1.1 Silicon Photonics
Silicon photonics is an active research area in the field of integrated photonics and
optoelectronics because of its true compatibility with the mature and low-cost
complementary metal-oxide semiconductor (CMOS) manufacturing technology of
microelectronics. The recent years witnessed demonstrations of enormous passive and
active silicon photonics devices, ranging from low-loss optical waveguides to high-speed
modulators, photodetectors, optical amplifiers and lasers. Silicon’s high crystal quality,
emergence of the silicon-on-insulator (SOI) wafers and realization of highly-confined
optical waveguides on the wafers are other factors responsible for this momentum. The
large refractive-index contrast of SOI waveguides, i.e., silicon core (with refractive index
n = 3.47) and silicon dioxide (SiO2) cladding (n = 1.48), makes scaling down the optical
mode size to as low as 0.1 μm2 possible [1-2]. This is the same order of cross-section in
microelectronic circuits based on the CMOS technology. Figure 1.1 compares typical
dimensions of silicon photonic waveguides, as well as a more conventional integrated
optics waveguide technology based on silica glass, with those of CMOS-based
microtransistors. The apparent size and processing compatibility of silicon photonics with
CMOS opens up an exciting venue, i.e., monolithic integration of optics and
microelectronics on the same silicon chip. Such a feature is a prerequisite for realization of
high-speed optical interconnects in order to overcome the bottleneck imposed by metallic
electrical interconnects.
1

1 ̶ 2 µm

1 µm

Si
SiO2

SiO2 Cladding

Si substrate

micron size SOI waveguide
D
1 µm

n+

G

25 nm

S

B
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p+

p ̶ substrate

CMOS

500 nm
220 nm

50 µm

Si

SiO2
Si substrate

submicron SOI waveguide

silica waveguide

Figure 1.1: Comparison between silica and SOI waveguides.
The large refractive index contrast of SOI waveguides has other advantages too.
For example, it allows sharp bends in the interconnecting waveguides. The effective index
of a bending waveguide decreases with decrease of its bending radius. At some critical
radius of curvature, the effective index becomes lower than the refractive index of the
cladding layer, causing the guided mode to radiate into the cladding. The large refractive
index of SOI waveguide make possible sharp bending radii, as low as 5 µm, without
causing any substantial bending loss [1]. The small dimensions of photonic devices with
affordability of sharp bends in the interconnecting waveguides makes it possible to
efficiently utilize the photonic chip real estate. Further, high optical intensity in SOI
waveguide due to the large refractive index contrast, in conjunction with silicon’s high
third-order optical nonlinearities (Raman and Kerr effects), make these interactions
observable over an small interaction length, allowing the demonstration of nonlinear
devices on a single chip.
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Silicon has one of the highest crystal qualities among all photonic materials. It also
has thermal conductivity as high as 1.3 W/cm°C. Furthermore, it has a high optical damage
threshold, that is, 0.19 J/cm2 at a wavelength of 800 nm [3]. These qualities along with its
transparency window of up to 7 µm in the mid-infrared (or mid-IR, i.e., the 3 to 8 µm
wavelength range) regime [4] and its excellent linear and nonlinear properties at this
wavelength range make it a perfect candidate for mid-IR photonic devices.
As mentioned before, in recent years, we have observed the demonstration of
several types of passive and active silicon photonic devices and improvements in their
performances. The most basic part for any circuit is the medium through which different
components communicate within themselves and to the external world. In a photonic
circuit, this basic component is the optical waveguide. Therefore, a low-loss optical
waveguide is the most basic and important requirement for silicon photonics. Fortunately,
improvement in waveguide fabrication techniques, and means to decrease the sidewall
roughness by thermal and chemical oxidation, make it possible to achieve silicon
waveguide with propagation losses that are low enough for interconnecting purposes at a
wafer scale. For example, Kotura Inc. has reported an SOI shallow-ridge waveguide with
loss as low as 0.274 dB/cm at the near-infrared (near-IR) wavelength of 1.55 µm [5]. J.
Cardenas et al. have reported an etchless silicon waveguides with loss of only 0.3 dB/cm
at the same telecommunication wavelength [6]. Taking advantage of the aforementioned
large refractive index contrast and the resulting submicron size silicon waveguides,
ultrasmall channel dropping lattice filters with large free spectral range have been
fabricated [7]. Other demonstrated passive silicon photonics devices include arrayed
3

waveguide gratings for wavelength-division multiplexing (WDM) [8] and optical filters
for wavelength multiplexing and de-multiplexing.
Electrooptic modulation based on Pockels effect is not possible in silicon due to its
centrosymmetrical crystal structure. But this does not mean that silicon cannot be used as
an optical modulator. Plasma dispersion effect can be instead used to achieve fast
modulation. Based on pipin junction diodes, fast modulators (e.g., 40-Gbit/s by M. Ziebell
et al. [9] and 50-Gb/s by D. J. Thomson et al. [10]) have been reported. Also, 50-Gb/s
quadrature phase-shift keying modulators and 112-Gb/s monolithic polarization-divisionmultiplexed quadrature phase-shift keying (PDM-QPSK) modulator by P. Dong et al. [1112] are some other remarkable examples.
As far as photodetection is concerned, the well-celebrated broad band transparency
window of silicon, ranging from 1.1 µm in the near-IR to 7 µm in the mid-IR, is an obstacle
in these wavelength ranges. Efforts have been made to overcome this problem by using
alloys of SiGe [13-15] and SiGeC [16], because the smaller band-gap of Germanium (Ge)
has stronger absorption in the near-IR wavelength of around 1.3 µm.
Silicon’s indirect band-gap is a big obstacle for lasing and optical amplification. It
is because when an electron in the conduction band and a hole in the valence band
recombine, both energy and momentum need to be conserved. In a direct band material,
like GaAs, this is not an issue because the bottom of the conduction and the top of the
valence bands occur at the same crystal momentum. Therefore, an emitting photon with
proper energy that conserves the energy is all needed. But this is not the case for an indirectband material like silicon, in which the conduction band minimum and the valence band
4

maximum energies do not have the same crystal momentum. Due to the negligible
momentum of a photon, recombination should be assisted with a phonon of proper
momentum. Satisfying this tough condition makes silicon a very inefficient light emitter.
Efforts have been made to tackle this issue. In one attempt, quantum confinement is used
to take the advantage of the Heisenberg uncertainty principle, where uncertainty in the
momentum of an electron increases when it is localized [17]. For example, silicon
nanocrystals have been explored for this purpose, but to date, there is no report of any
lasing using the quantum confinement techniques, at least at room temperature.
An alternative approach which proved to be more successful is the stimulated
Raman scattering (SRS). It is capable of achieving both amplification and lasing in silicon.
Raman scattering in crystals is an inelastic scattering of a photon from the lattice oscillation
of the crystal. The re-emitted photon will have slightly different energy than the incident
photon. If the incident photon, called the pump, has more energy than the re-emitted photon
(called the Stokes or signal), the process is called Raman Stokes scattering. In contrast, in
the Raman anti-Stokes scattering process an emitting signal photon has higher energy than
the absorbed pump photon. Relying only on thermal phonons in the scattering process,
called spontaneous Raman scattering, results in a weak and incoherent scattering. Under
appropriate conditions, this can lead to a strong stimulated coherent process called SRS.
Optical gain of 2-11 dB is reported using pulses of femtosecond durations [18-22]. Pulsed
silicon laser was demonstrated in 2004 [23]. Net Raman gain in silicon using a continuouswave (CW) pump source was achieved only when the undesirable role of the free carrier
absorption was understood and resolved [19,24]. In the telecommunication wavelength
5

regime, the free carriers in the silicon waveguides are generated by two-photon absorption
(TPA). CW silicon lasers were also demonstrated in 2005 [25]. It will be discussed in a
later section that TPA is not possible beyond the wavelength of 2.23 µm. This offers a very
promising future for silicon photonics in the mid-IR regime.

1.2 Review of Optical Delay Lines
Optical delay lines are used to slow down signals modulated on an optical carrier
wave in different systems. For example, they are essential components in optical beamforming control of phased-array antennas (PAAs) [26], in optical communication networks
[27] and in optical coherence tomography [28]. The simplest way to achieve a time delay
is to propagate light in a physical distance, for example, using a piece of optical fiber or an
optical waveguide. A tunable optical delay is generally desirable. In the fiber technology,
this is generally achieved by using a chirped fiber Bragg grating. The devices have varying
grating periods such that the Bragg wavelength changes linearly along the grating length.
In this way, light of different wavelengths reflect from different sections of the fiber
gratings and hence delayed differently (Figure 1.2). Tunability is achieved by using a
tunable laser source in this scheme. While chirped fiber Bragg gratings are the most
commonly used delay lines, they cannot be used in an optical integrated circuit. Therefore,
integrated true-time delay lines, particularly based on silicon photonics, have been
aggressively pursued since 1997 [29]. The state-of-the-art integrated delay line structures
are photonic crystal (PhC) line-defect waveguides based delay lines [30-32], coupled ring
resonator based delay lines like coupled-resonator optical waveguides (CROW) [30,33]

6

and side-coupled integrated spaced sequence of resonators (SCISSOR) [34]. These devices
are reviewed in the following subsections.

,

,

time delay

stop band

wavelength

Figure 1.2: Chirped fiber grating and it delay spectrum.
1.2.1 Photonic Crystal (PhC) Line-Defect Waveguides Based Delay Lines
While chirped fiber grating achieves different time delays in the reflected light by
different traversed lengths, photonic crystals use the slow light effect to get the same result.
In addition, slow light also offers the possibility of the enhancement of linear and nonlinear
optical effects because electric field strength increases in the slow-light medium.
Photonic crystals are periodic dielectric structures. A simple design is shown in Fig.
1.3(a). They exhibit an optical band-gap for some wavelength range, analogous to the
electronic band-gap of crystalline materials. No light can propagate in the PhC waveguide
if the wavelength lies in the photonic band gap (PBG). Instead it will just reflect back. Fig.
1.3(b) shows a typical dispersion diagram for a two-dimensional (2-D) PhC. As the time
delay 𝑇 ∝ [𝑑𝜔/𝑑𝑘]−1 (where ω is the angular frequency and k is the angular momentum),
a higher time delay can be achieved at the edge of the band-gap (called band edge).
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Figure 1.3: (a) Schematic of suspended membrane silicon photonic crystal (PhC), (b)
Band diagram of a typical PhC and its group index near the band edge.
Large group index, high bandwidth and compactness are the major advantages of
PhC-based delay lines. T. Baba et al. reported 40 ps delay with a bandwidth as large as 1.4
THz [35]. A tunability of 23 ps was achieved by locally heating the device through laser
irradiation with a wavelength of 0.442 µm. N. Ishikura et al., from the same group, reported
a tunability of 54 ps using multiple integrated heaters on top of the device [36]. In an
improved design, by employing a folded chirped profile, the tunability was extended to
103 ps [32]. Major drawback of the PhC-based delay lines is its high propagation loss.
Studies show that the loss in PhC waveguides is proportional to the square of the group
index, ng [37].

1.2.2 Coupled Ring Resonators Based Delay Lines
A resonant cavity, like a microring resonator or a Fabry-Perot cavity, can be used
to delay the optical signal by trapping photons. The group index enhancement of the cavity
is proportional to its finesse but this comes at the price of narrower bandwidth. Larger
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enhancement can only be achieved through compromising the bandwidth. To avoid this
inherent limitation, it is proposed to cascade microring resonators in order to get an overall
low finesse system, but with high group delays as the group delay is additive [38]. Two
schemes are generally used for cascaded ring resonators. In one scheme, the light
propagates from one ring resonator to an adjacent one by virtue of direct coupling between
them (Figure 1.4(a)). This scheme is called coupled-resonator optical waveguides
(CROW). The other scheme, shown in Fig. 1.4(b), is called side-coupled integrated spaced
sequence of resonators (SCISSOR). As the name suggests, the resonators are not directly
coupled to each other, instead, they are indirectly coupled through a side-coupled
waveguide.
A. Melloni et al. have reported a CROW-based delay line, in which tunability was
achieved by controlling the state (on- or off-resonance) of each ring resonator individually.
In the on-resonance state, a resonator is coupled to the ring resonator to its left (Fig. 1.4
(a)) and the contributed delay is added to the rest of the ring resonators to its left. In the
off-resonance state, the ring resonator is effectively not part of the delay system and is
uncoupled to the ring resonator to its left. A tunability of 89 ps with bit rate of 100 Gb/s
was achieve using this scheme [39]. J. Cardenas et al. reported a tunability of 135 ps with
a bandwidth of 10 GHz using a balanced SCISSOR device [34], shown in Fig. 1.4(c).
Unlike generally used SCISSORs, shown in Fig. 1.4(b), the balanced SCISSOR structure
has identical sets of microring resonators on both sides of the side-coupled waveguide.. By
blue shifting the rings on one side of the waveguide and red-shifting the rings on the other
side around the signal frequency, both tunability and bandwidth can be enhanced compared
9

to standard SCISSOR devices [34]. In an improved design, P. A. Morton et al. reported a
tunability as high as 345 ps [40].
Out

In

In

Out

(a)

(b)

In

Out

(c)
Figure 1.4: Schematics of: (a) coupled-resonator optical waveguides (CROW) delay
line; (b) side-coupled integrated spaced sequence of resonators (SCISSOR) delay line;
(c) balanced SCISSOR.
1.2.3 Microwave Photonics Applications
As mentioned before, tunable optical delay lines are important components for a
host of system applications. Perhaps the most well-known application is microwave signal
processing, a field pursued since 1976 [41]. In this section, different applications of
microwave photonics are discussed in details. The optical delay lines are used in
microwave systems for phase shifting and true time delays. Some example applications are
beam forming in PAAs, notch filters and optoelectronic oscillators [42]. In these systems,
the microwave signal resides on an optical carrier wave. Optical delay lines are suitable for
these applications due to their wide tuning range, high bandwidth, low loss and distortion.
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A PAA consists of multiple antenna elements, each with an independent microwave
system with tunable phase shifters. Beams in a desired direction, in a phased-array system,
are formed by controlling the phase of the signal radiating from each antenna element.
Continuous, fast and fine tuning of the optical delay enables wide-band operation and large
beam steering offset in the phase array beam forming systems [43-44]. Further, the use of
tunable optical delay lines in the beam forming system results in compactness, parallelism
and robustness [42]. Figure 1.5 shows an N-bit reconfigurable optical delay line for
implementing phased-array beam forming.
N Bit delay path
1 Bit delay path
Microwave
modulated light
In

1x2
switch

2 Bit delay path

2x2
switch

2x2
switch

2x2
switch

2x1
switch

Delayed
microwave light
out

No delay path

Figure 1.5: N-bit reconfigurable optical delay line.
A notch filter is a filter with a very narrow stop-band. Tunable filters are generally
preferred to simplify the complex broad-band microwave systems. A filter’s frequency
response is controlled by the location of the poles and zeros of its transfer function. By
using tunable optical delay line, the poles and zeros can be located at any desired location
[45-46]. The tunability of notch filters for microwave frequencies is not possible through
the current electronic technology [42].
The last application of optical delay lines discussed in this section is the
optoelectronic oscillator. An optoelectronic oscillator converts the CW optical energy from
a pump laser to microwave oscillations. A simple optoelectronic oscillator consists of a
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laser source, modulator, optical delay line, photodetector and filter.

The main

characteristic of an optoelectronic oscillator is its very high quality factor, Q, and stability,
which are not possible in electronic oscillators.

1.3 Mid-Infrared Photonics
Historically, the research on mid-IR photonics was focused on optical sources for
military applications, in the wavelength ranges of 3-5 µm and 8-12 µm. These applications
include, but are not limited to, infrared countermeasures (IRCM), remote chemical and
biological sensing and Light Detection And Ranging (LIDAR). Popular mid-IR optical
sources are optical parametric oscillators (OPOs), solid-state Raman lasers (SSRLs) and
quantum cascade lasers (QCLs). In recent years, these radiation sources have found civilian
applications. For example, the strong absorption peak in water around the wavelength of
2.9 µm is used to achieve tissue ablation. Other applications include cavity ring down
spectroscopy (CRDS) using Fourier transform infrared (FTIR) and hydrocarbon detection
in oil fields and vehicles.

1.3.1 Mid-IR Optical Sources
The most popular mid-IR optical sources are OPOs. Major contributions for their
development are the advancements in the diode-pumped solid-state lasers and the
development of high-damage threshold, low-loss nonlinear crystals. An OPO uses
parametric amplification in a nonlinear crystal rather than stimulated emission used in a
laser. The reason for its popularity is its wide tunability because in an OPO, the signal and
idler wavelengths are determined by a phase-matching condition. On the down side, an
12

OPO requires a high optical power source. Further, the overall system become complex
because direct use of a laser diode is generally not possible.
An alternative to OPO is the solid-state Raman laser (SSRL). Although SSRLs are
not as widely tunable as OPOs, their simpler architecture is their major advantage.
Advancements such as broad-range wavelength generation from visible to near-IR and
high-power Raman lasers at the wavelength of 589 nm are reported in recent years [47-48].

Figure 1.6: Simplified operation principle of quantum cascade lasers.
Another promising technology for mid-IR optical source is QCLs. Unlike common
semiconductor lasers, QCLs operate in the intersubband transitions of semiconductor
structures. When an electron is injected into the gain region, it undergoes through a
radiative transition between sublevels of a quantum well and then it tunnels into the upper
level of the next quantum well, as shown in Fig. 1.6. Through the cascaded intersubband
transitions, a higher optical gain in a wide wavelength range (3.5 to 150 μm), is achieved.
Multiple coherent photons can be emitted through a single electron, but it will require a
higher operating voltage.
Table 1.1 summarizes performance of some state-of-the-art QCLs in the mid-IR.
Remarkable are reports by Razeghi’s group on single-laser bars with up to 3.7 W output
power at 4.65 to 5 μm with up to 18% wall-plug efficiency (WPE) [49-51].
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Table 1.1: State-of-the-art CW and uncooled mid-IR quantum cascade laser technology

Operating
temp (K)

Tunability

Wavelength
(µm)

WPE

298–373

No

4.65–5.0

12.5–18%

288–333
293
288–313

No
No
No
31.5 nm via
temperature

4.6
4.565
3.8
5.24

280–370

Output
power

Ref.

5.6%
–
0.5%

2.5–3.7
W
1W
80 mW
60 mW

[4951]
[52]
[53]
[54]

–

10 mW

[55]

1.3.2 Mid-IR Photodetectors
Semiconductor materials with band-gaps less than ~ 0.5 eV are required for
photodetection above 2 µm wavelengths. Thermal carrier generation increases
exponentially with the decrease of band-gap. At mid-IR wavelengths, this severely
degrades the performance of photodetectors because of thermal generation of carriers at
room temperature. Also, increased Auger recombination at low band-gap materials leads
to further difficulties.
reported

with

Nonetheless, different photodetection technologies have been

reasonable

performances.

A

non-comprehensive

list

of

materials/technologies used in mid-IR detection include Mercury Cadmium Telluride
(MCT), Indium Antimonide (InSb) and Indium Arsenide (InAs) photodetectors, quantumwell and quantum-dot infrared photodetectors (QWIPs and QDIPs) [56]. Table 1.2
summarizes performance of some uncooled commercial solutions, suggesting that mid-IR
photodetectors are mature enough for prime-time room-temperature applications.
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Table 1.2: State-of-the-art uncooled mid-IR photodetector technology.

Type

PbSe [57]

Wavelength
Peak
range
wavelength

Active
area

Rise
time

2 x 2 mm2 35 µs

Responsivity
2.0 x 105
V/W

1.5–4.8 µm

4 µm

Photoelectromagnetic
[58]

2–11 µm

7 µm

̶

0.5 ns

> 0.1 V/W

InAs [59]

2–3.6 µm

5 µm

1 mm
(dia.)

15 ns

1.0 A/W

1.4 Organization of This Thesis
This thesis comprises of two major themes on silicon photonics. They are apodized
grating waveguide optical delay lines and mid-IR optical waveguides. Silicon photonic
devices for optical delay lines are presented in Chapters 2 to 5. The second theme is
presented in Chapters 6 and 7. The organization of the thesis is visualized in Fig. 1.7 and
the description of individual chapters follows.
In chapter two of this thesis, I discuss the theory of grating structure in general and
transfer matrix method (TMM) for their analysis. I then focus on the grating waveguide,
especially silicon integrated gratings and the possibility of using them as delay lines. The
important role that apodization plays in making delay lines feasible is discussed next. Both
the reflection- and transmission-mode properties of apodized grating waveguides and their
delay characteristics is scrutinized. Furthermore, implication of using two types of
complementary apodization profiles to achieve almost mirror image of delay spectra is
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discussed. This will open up the possibly of dispersion compensation in the cascaded
gratings (topic of Chapter 4). Thermoelectric and thermooptic effect is discussed to achieve
tunability in the grating-based delay lines. Further, I present my designs for both reflectionand transmission-mode apodized gratings for delay lines.

Results from a thorough

simulation are provided to predict their performance as tunable delay lines.
Chapter 3 is on the experimental results of fabricated and characterized gratingbased delay lines in transmission mode operation. The results include the achievable delay,
tunability and an estimated operation speed.
Chapter 4 mainly focuses on the idea of cascading two complementary gratingbased delay lines to achieve a higher bandwidth by using dispersion compensation
techniques. The claim of higher bit rate through dispersion compensation is verified by
simulation.
Chapter 5 comprises the experimental results on the fabricated complementaryapodized cascaded grating waveguides. The characterization results will be compared to
the results from a single-grating device, which has a length equal to the sum of the two
gratings in the cascaded scheme. In this way, the improvement on the impact of cascading
will be estimated. Furthermore, the pros and cons of using an apodized grating as a delay
line is discussed. A comparison between the fabricated device and other state-of-art
technologies is presented.
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Figure 1.7: Organization of this thesis.
From chapter 6 onward, to the emphasis is on the second theme of the thesis, that
is, silicon photonic devices for mid-IR applications. Fabrication and characterization of
silicon-on-sapphire (SOS) waveguides are discussed in Chapter 6. In chapter 7, I first
discuss about the advantages of using silicon nitride cladding for silicon waveguides. A
detailed description of fabrication of silicon-on-nitride (SON) wafers is presented.
Furthermore, the fabrication of SON waveguides using these SON wafers and their
characterization results is presented.
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In the final chapter, my ideas on future research direction for silicon photonic delay
lines and silicon waveguides for mid-IR wavelengths is presented.
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CHAPTER TWO: APODIZED GRATING WAVEGUIDES FOR
OPTICAL DELAY LINES
Optical delay lines based on microring resonator and PhCs were introduced in the
previous chapter. In this chapter, an alternative novel scheme, that is, grating-based delay
lines is introduced for the first time. Bragg gratings are generally used for dispersion
compensation and optical add/drop filtering in different type of applications. In this
chapter, I discuss the basics of Bragg grating, their modeling and simulation techniques,
importance of apodization and other techniques for time delay tuning. I also discuss the
limiting effect of dispersion on the speed of the grating devices and a suitable criterion will
be chosen for bit rate estimation. At the end, simulation results will be presented for using
the grating waveguide for transmission- and reflection-mode delay line operation.

2.1 Bragg Grating Waveguides
The basic principle of Bragg gratings resembles PhC waveguides. In fact, a Bragg
grating is nothing but a one-dimensional (1-D) PhC. As such, a grating waveguide confines
optical energy only in transverse direction, therefore, the physical interaction occurs only
in that direction. Furthermore, the slow light effect is also not as strong as in PhC
waveguides. But this reduced interaction has two major advantages. Comparison of the
designs presented in Section 2.7.1 with previous work on PhC delay lines [30-32] suggests
that the present grating waveguides are more dispersive. This makes grating waveguide
more tunable (but at the cost of lower operation speed). Secondly, the reduced light
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interaction with the grating structure results in reduced scattering losses compared to PhC
waveguides.

(a)

(b)

Figure 2.1: Schematics of Bragg grating waveguides: (a) top grating scheme, and (b)
side grating scheme.
There are different structures for periodic modulation in the waveguide. Examples
are corrugation on top of the waveguide, as depicted in Fig. 2.1(a), or making the
corrugation at the side of the waveguide, as shown in Fig. 2.1(b). Other schemes are based
on making periodic holes or standing rods along the grating. Side-grating scheme (Fig.
2.1(b)) has some advantages over the top-grating scheme (Fig. 2.1(a)). A single
20

photolithographic mask can be used to etch both the waveguide and the grating. Further,
the coupling coefficient of the grating, which corresponds to the strength of the grating,
depends heavily on the depth of the grating. A precise control of the etch depth is therefore
required in the top-grating scheme. But this is not the case in the side grating scheme,
because the grating thickness is simply the SOI thickness. Furthermore, any type of
apodization profile can be more conveniently utilized in the side grating scheme because
apodization can be controlled by the width of the grating. Apodization is discussed in detail
in the next section.
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Figure 2.2: Reflectivity spectrum of a typical Bragg grating showing the stop band or
photonic bandgap (PBG), Bragg wavelegnth and the band edges.
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As a PhC grating, Bragg grating waveguides also exhibit a photonic band-gap
(PBG) for certain wavelength ranges. If the wavelength of the input light is in that range,
it will not propagate but rather reflect back. The reflection spectra of a typical Bragg grating
is shown in Fig. 2.2. The center wavelength of the stop-band or PBG is called the Bragg
wavelength, λB. The reflections from subsequent periods constructively interfere with each
other at λB, resulting in an almost complete reflection of the input optical power. λB is
related to the grating period, Λ, via



B
2neff

,

(2.1)

where neff is the effective index of the grating waveguide.

2.2 Model and Simulations
Behavior of optical waves in layered dielectric media is well-studied. Generally,
the transfer matrix method (TMM) is used to relate the incident field on a stack of dielectric
layer to transmitted or reflected fields from the structure. As a Bragg grating is analogous
to a dielectric stacked mirror, TMM can be conveniently utilized to study the delay,
reflection and transmission spectra of the grating waveguides. Figure 2.3 depicts this
analogy. Each corrugated section of the grating can be replaced by a dielectric layer with
refractive index neff_i and thickness equal to the thickness of the corrugated section.
Refractive index neff_i is the effective index of the waveguide with dimensions
corresponding to the corrugated section. It can be calculated using any standard mode
calculation method for optical waveguides, for example, the finite-difference time-domain
(FTDT) method.
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Figure 2.3: Bragg grating waveguide and its analogous stack of diectric layers.

The transfer matrix method takes into account the thickness, di, and characteristic

~
~
admittance, Yi , of each layer. Yi is given by
~
~
Yi  i ,


(2.2)

where μ is the magnetic permeability and ~i is the complex electric permittivity of the i-th
layer. The complex electric permittivity is used to take into account the loss in the
structure. Also, instead of using the real phase constant, i  k0 neff _ i , the complex wave
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~
vector ki  i  j for the lossy structures is used, where



is the attenuation. The

complex electric permittivity is

~ 2
1  ki 
~
 i    ,
0   
where



is the frequency in radian per second and

(2.3)

0 the permeability of the vacuum.

Figure 2.4 depicts a stack of n dielectric layers, with the i-th layer having a
refractive index neff_i and thickness di. It has a forward-propagating wave Ei (to the right)
and a backward-propagating wave Ei (to the left). For the transverse electric (TE) mode,
the normal incident wave, E0 , the reflected wave, E0 , and the transmitted wave, En+1, are
related by the transfer matrix M as [60],

 E0

 E
 0


 EN 1 
E 
 N

  M
  D0  Di Pi Di1  DN 1 N 1  ,

 E 
 E 
 i 1


 N 1 
 N 1 

(2.4)

where

e  i d i
Pi  
 0
~
 i  jki

0 
,
e

 i d i

(2.5)

(2.6)
is the propagation matrix that accounts for the phase accumulation effect and the
attenuation in the section. Also,
1
Di   ~
Yi

1 
~
 Yi 

(2.7)

1
is the dynamical matrix for the i-th corrugated section. The inverse dynamical matrix Di

is
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1~ 
1
Yi 

D  
.
(2.8)
1
1  ~

Yi 
D0 and DN+1 are the dynamical matrices for semi-infinite space at left and right side of the
1
i

1
2

waveguide. The reflection and transmission coefficients from the transfer matrix
M
M   11
 M 21

M 12 
M 22 

(2.9)

can be obtained from

E0 M 21

;
E0 M 11
E
1
t  n1 
.
E0 M 11
r

d1

d2

(2.10)
(2.11)
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Figure 2.4: Stack of dielectric layers.
The true time delay, τ, for a transmitted (or reflected) signal can be calculated from
the wavelength phase derivative (dθ/dω) of the of t (or r), as

d
2 d


,
d
2 c d
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(2.12)

where θ is the phase of the transmission (or reflection coefficient) and λ is the incident
wavelength.

2.3 Apodization of the Grating Waveguides
Bragg grating waveguides for optical delay lines can be utilized for both
transmission and reflection modes of operation. In the transmission mode, the operating
wavelength regime is the grating’s pass-band. However, there exists large group delay
ripples in the pass-band of uniform gratings, which distorts the signal shape (see Fig. 2.5).
These ripples are caused by reflections from the ends of the grating. For the reflection
operation mode, the operating regime is in the stop-band, where there is no dispersion or
delay variation for the uniform grating. To be able to tune the attainable delay of our
proposed devices, a dispersion mechanism is needed. To make the grating waveguides
usable for delay line operation, gratings are generally apodized.
Apodization is gradual variation (increase and/or decrease) of the grating strength
along its length. It suppresses reflections from the ends of the grating ends resulting in a
smooth delay spectrum without any group delay ripples in the pass-band. In the case of the
reflection mode of operation, apodization introduces chirp in the grating. Chirp is the
variation of the Bragg wavelength along the grating length such that different wavelengths
reflect from different section of the grating, and hence delayed differently.
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Figure 2.5: Delay spectrum of a uniform grating showing group delay ripples the
pass-band and lack of any delay variation in the stop-band.
Generally, linear, Gaussian, cosine or raised-cosine profiles are used to apodize a
grating. For transmission mode of operation, super-Gaussian function is chosen here, due
to its compact tapered region, in order to apodize the grating width, w,:

 z 12 
w  W exp    
 G  

 L / 2  z  L / 2.

(2.6)

Here, W is the grating’s maximum width and L is its length. The parameter G is related to
the full-width-at-half-maximum (FWHM) of the super-Gaussian function by

FWHM  2 2 ln(2)G .

(2.7)

Schematic of the apodized grating and the resulting delay is shown in Fig. 2.6 with
a smooth delay spectrum in our wavelength operating regime.
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Figure 2.6: (a) Schematic of apodized grating waveguide for tranmission mode
operation; (b) resulting delay spectrum showing the smooth delay variation in the
operation regime.
For the reflection mode of operation, a linear taper is applied to the grating to get
linear dispersion. Figure 2.7 shows the schematic of the linearly apodized grating and the
resulting delay spectrum showing the linear variation of the delay in the operation regime.
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Figure 2.7: (a) Schematic of linearly apodized grating waveguide for reflection mode
operation; (b) resulting delay spectrum showing the linear delay variation in the
operation regime.
2.4 Tuning the Time Delay
Time delay in silicon-based grating waveguides can be tuned using either
electrooptic or thermooptic effects. In the electrooptic effect, the refractive index of silicon
decreases with an increase in the free-carrier population through free-carrier plasma effect.
As shown in the Fig. 2.8, a SOI rib waveguide straddled with a p-n junction diode can be
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used to control the free-carrier population in the waveguide. While keeping the incident
wavelength fixed, applying a forward voltage to the p-n junction varies the refractive index
of the rib waveguide through free-carrier plasma effect. Consequently, the change in the
refractive index blue-shifts the whole delay spectrum of the device. As a result, the delay
in the reflected light will increase or decrease depending on the slope of the delay spectrum
at the operating wavelength. If the slope is positive and the incident wavelength is fixed at
the lowest wavelength value in the tuning range, the delay in the reflected light will increase
with an increase in the applied voltage. The opposite is true for the negative slope case.

N

silicon

P

buried silicon oxide
silicon substrate
Figure 2.8: Schematic showing the cross-section of the waveguide delay line and how
the delay can be tuned using the electrooptic effect via p-n junction diodes.
While a fast delay tuning can be achieved using the electrooptic effect, its tuning
range is limited by the loss induced by free carriers. An alternative approach is employing
the thermooptic effect. It is much slower than the electrooptic effect but has no substantial
loss, thus a larger tuning range can be achieved using the thermooptic effect. In the
thermooptic effect, the refractive index of silicon increases with an increase in temperature.
As shown in Fig. 2.9, a microheater on top of the grating waveguide can be used to control
the temperature of silicon in the waveguide core.
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silicon oxide
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buried silicon oxide

silicon substrate
Figure 2.9: Schematic showing the cross-section of the waveguide delay line and how
the delay can be tuned using the thermooptic effect via micoheater on top of the
waveguide.
2.5 Bit-rate Estimation
A limit on the bit rate can be estimated by broadening of transform-limited input
pulses due to the dispersion of the delay lines. A tight criterion of   TB / 4 is used for bitrate estimation [61]. It guarantees, for Gaussian pulses, that at least 95% pulse energy will
remain in its corresponding slot, TB  1/ B , where B is the bit-rate.  is the root-mean
square (RMS) width of the output Gaussian pulse, calculated from
   02   2 L / 2 0 2 .

(2.8)

 0 is the RMS width of the input Gaussian pulse chosen such that minimum  is attained
and

  2 
L 2 

,
 2c 
where  and  are calculated as show in Fig. 2.10.
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Figure 2.10: A general delay spectrum with dispersion and ripples showing the Δλ
and the Δτ that are used in the bit rate estimation.
2.6 Complementary Apodized Grating Waveguides
In Section 2.3, the importance of grating apodization for operation as an optical
delay line for both transmission and reflection modes was explained. In this section, it is
seen that by using inward and outward apodization profiles, mirror-imaged delay spectra
can be achieved. Such inward and outward gratings constitute a set of complementary
gratings. The mirror-imaged delay spectra can be utilized to achieve dispersion
compensation by cascading the complementary grating waveguides.
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2.6.1 Complementary Gratings for Transmission Mode Operation
Grating waveguides can be apodized either in an outward or an inward fashion for
any given apodization profile. In the transmission-mode operation, the outward apodization
profile (Fig. 2.11(a)) causes an increase in the grating effective index as the grating width
increases. This results in a higher Bragg wavelength for the center of the grating as
compared to its wings. The higher Bragg wavelengths no more see an abrupt effective
index transition at the end of the grating due to gradual apodization, resulting in smooth
transmission and delay spectra around that wavelength regime (Fig. 2.11(b) and (c)).
Meanwhile, the lower Bragg wavelengths of the end wings form a Fabry-Perot (FP) cavity
at wavelengths below the stop-band [62], resulting in huge ripples at that wavelength range.
Therefore, only one side of the pass-band, near the stop-band, can be used for our delay
line operation. In the case of outward apodized grating, it is the upper pass-band. Outward
apodization grating has normal dispersion in it operation regime. This description is
depicted in the transmission and delay spectra of outward apodized grating in Fig. 2.11(bc).
Figure 2.12 (a) shows the schematic of an inward apodization grating. In this case,
the inward apodization profile causes a decrease in the grating effective index as the grating
width decreases. This results in a lower Bragg wavelength for the center of the grating as
compared to its wings. The lower Bragg wavelengths no more see an abrupt effective index
transition at the end of the grating due to gradual apodization, resulting in a smooth
transmission and delay spectra at that wavelength regime (Fig. 2.12(b) and (c)). It has
anomalous dispersion in the operation regime. Meanwhile, the upper Bragg wavelengths
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of the end wings form a FP cavity at wavelengths below the stop-band [62], resulting in
huge ripples in at wavelength regime. Further, the two apodization profiles (Fig. 2.11(a)
and Fig. 2.12(a)) results in mirror-imaged transmission spectra, suitable for dispersion
compensation, as mentioned before.
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Figure 2.11: (a) Schematic of outward apodized grating waveguide for transmission
mode operation; (b) resulting transmission spectrum; (c) delay spectrum.
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Figure 2.12: (a) Schematic of inward apodized grating waveguide for transmission
mode operation; (b) resulting transmission spectrum; (c) delay spectrum.
Group delay ripples on either side of the stop-band can be removed by using a
double-apodization profile, that is, utilizing both

outward and inward apodization

simultaneously (shown in Fig 2.13 (a)). In such apodization profiles with zero dc value
[63], by keeping the effective index of the grating constant, the formation of FP cavities
can be totally eliminated, resulting in a smooth transmission and delay spectra on both
sides of the stop-band (Fig 2.13 (b) and (c)).
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Figure 2.13: (a) Schematic of double-apodized grating waveguides for transmission
mode operation; (b) transmission spectrum and (c) delay spectrum of the device in
(a).
2.6.2 Complementary Gratings for Reflection Mode Operation
Like the transmission mode operation, the complementary gratings in the reflection
mode of operation also results in mirror images of delay spectra. For this mode, a linear
outward taper (Fig. 2.14(a)) results in an increase of the effective index of the grating,
changing the Bragg wavelength linearly along the grating length. Therefore, a longer
wavelength signal propagates longer in the grating before it is reflected back, i.e., more
delay. This is depicted in Fig. 2.14(c), where time delay increases linearly with the
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wavelength in the operation regime, i.e., anomalous dispersion. Figure 2.14(b) emphasizes
that the operation regime is in the stop-band for reflection mode operation.
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Figure 2.14: (a) Schematic of outward linearly tapered grating waveguide for
reflection mode operation; (b) resulting reflection spectrum; (c) delay spectrum.
Figure 2.15(a) shows the inward linearly tapered grating waveguide. In this case,
the effective refractive index decreases with grating length and longer wavelengths reflect
sooner than shorter wavelengths. This results in a delay spectrum that decreases linearly
with respect to wavelength, i.e., normal dispersion.
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Figure 2.15: (a) Schematic of inward linearly tapered grating waveguide for reflection
mode operation; (b) resulting reflection spectrum; (c) delay spectrum.
2.7 Simulation Results
In this section, simulation results for both transmission and reflection mode grating
based delay lines are presented. The reflection and transmission coefficients of grating
structures were calculated using the standard TMM, explained before in Section 2.2. This
method was chosen due to its reasonably small computation time. Its validity and accuracy
was confirmed by comparing it with the coupled-mode theory for some of the structures.
The effective refractive index of each corrugated section was determined using the
commercial RSoft simulator. A thermooptic coefficient of 1.86 × 10 -4 K-1 was used to
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determine the thermally-induced refractive index change in the silicon structure. Pulsebroadening of transform-limited input pulses were calculated based on the dispersion of
the delay lines. The criterion for bit rate estimations was that 95% of the output pulse
energy would remain in its corresponding time slot, as explained in Section 2.5.

2.7.1 Transmission Mode Operation
Figure 2.16 shows the schematics of the outward and inward apodized grating delay
lines. Super-Gaussian function of order 12 was used for apodization profiles in simulations
for the both devices. The full width at half maximum (FWHM) of the employed optimized
super-Gaussian function of order 12 was 0.8 cm. According to the notations of Fig. 2.16,
W = 1.5 µm, H = 2 µm, D = 1 µm, L = 1.0 cm, w1 ≈ 250 nm and w2 ≈ 160 nm were used
in the design of transmission mode devices. The grating periods for operation in the 1,550
nm band were Λ1 = Λ2 = 225.2 nm. A grating waveguide propagation loss of 1.5 dB/cm
[64-65] was incorporated in the transfer matrix method and in the following results, unless
otherwise stated.
In either device type, by increasing the effective refractive index of the silicon
grating waveguide by thermooptic effect, the whole delay spectrum is red-shifted. The redshift increases or decreases the delay of the transmitted light depending on whether the
normal or the anomalous dispersion of the delay spectrum occurs in the vicinity of the
operating wavelength. If the dispersion is anomalous and the incident wavelength is fixed
at the highest wavelength value in the tuning range, the delay of the transmitted light will
decrease with an increase in the effective index. The opposite is true for the normal
dispersion case.
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Figure 2.16: Schematics of (a) outward apodized grating and (b) inward apodized
grating for transmission-mode complementary grating waveguide delay lines.
Figure 2.17(a) shows the transmission and delay spectra of a 1-cm-long outward apodized
transmission-mode device. An almost mirror-like image is obtained for inward apodized
grating (Fig. 2.17(b)). The other difference between Figs. 2.17(a) and (b) is that gratings
with no propagation loss were assumed in the latter case to emphasize that 100%
transmission in the operation regime is ideally possible. In other words, propagation loss
is the only loss mechanism in the proposed devices and the gratings’ reflection loss is
negligible.
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Figure 2.17: Transmission and delay spectra of (a) outward and (b) inward apodized
gratings using the super-Gaussian function corresponding to gratings of Fig. 2.16.
The Bragg wavelength (zero detuning) is at λB = 1,550 nm in both cases, that is
identical corrugation periods of Λ = 225.2 nm.
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When propagation loss is included, both outward and inward apodized gratings
have a tunability bit-rate product of about one and an identical true time delay in the range
of 120 to 210 ps. For tunable delay lines, the optimized condition at which the attainable
tunability bit-rate product is maximal may be preferred over the delay bit-rate product. For
this operating condition, the tunability of the outward grating device is ~90 ps (from 120
to 210 ps) along with a bit rate of 11 Gb/s. Higher values are attainable for lower
propagation loss value. In ideal lossless gratings, the true time delay can be as high as 530
ps and the tunability can be 410 ps.
Figure 2.18 suggests that as temperature varies so does the limit on bit rate and the
delay. This might imply that since the bit rate changes with temperature in the proposed
devices, the device cannot operate at a fixed bit rate and hence they are useless! However,
it must be emphasized that the values in Fig. 2.18 are the maximum attainable bit rate and
the devices can always operate at a lower bit rate and with the same delay. So, as long as
the attainable delay for a certain operating bit rate is acceptable for a certain fixed bit rate,
the devices can function properly. In other words, the only limitation imposed in the
performance of the devices is a trade-off between maximum bit rate and time
delay/tunability.
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Figure 2.18: The maximum attainable bit rate and delay versus T – TR, temperature
above the room temperature, for the transmission mode devices.
2.7.2 Reflection Mode Operation
Figure 2.19 shows the schematics of the outward and inward linearly tapered
grating delay lines. All device parameters used in the simulation were same as transmission
mode devices except a linear taper was used instead of a super-Gaussian apodization.
Figure 2.20(a) shows the transmission and delay spectra of a 1-cm-long outward
linearly tapered reflection-mode device. An almost mirror-like image is obtained for
inward tapered grating (Fig. 2.20(b)). A delay of 276 ps with a tunability of 225 ps is
estimated for the reflection mode grating devices.
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Figure 2.19: Schematics of (a) outward linearly tapered grating and (b) inward
linearly tapered grating for reflection-mode complementary grating waveguide delay
lines.
Figure 2.21 shows the maximum attainable bit rate and delay versus temperature
for the reflection mode devices. The linear variation of delay spectrum results in a constant
bit rate of the 23.3 Gb/s in the operating wavelength regime. Hence, a delay-bit-rateproduct of 6.4 and tunability-bit-rate-product of 5.2 is estimated.
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Figure 2.20: Reflection and delay spectra of (a) outward and (b) inward linearly
tapered gratings. The Bragg wavelength (zero detuning) is at λB = 1,550 nm in both
cases, that is identical corrugation periods of Λ = 225.2 nm.
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Figure 2.21: The maximum attainable bit rate and delay versus T – TR, temperature
above the room temperature, for the reflection mode devices.
2.8 Conclusions
In conclusion, a new class of grating-based optical delay lines is proposed that can
compromise the trade-off between the loss and the size of the devices on SOI platform.
The proposed devices can be designed both for transmission mode and reflection modes of
operation. Outward or inward apodization profiles can be used to achieve smooth delay
spectra and reduce the reflection losses. Calculations show that in the transmission mode,
a 1-cm long grating device can provide a delay of 211 ps, a tunability of 90 ps, and a bit
rate of 11 Gb/s. A grating device working in the reflection mode can provide a delay as
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high as 276 ps, a tunability of 225 ps, and a bit rate of 23.3 Gb/s. The resulting delay-bitrate-product is 6.4 and tunability-bit-rate-product is 5.2.
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CHAPTER THREE: EXPERIMENTAL RESULTS ON APODIZED
GRATING-BASED DELAY LINES
In this chapter, I present the results on the demonstration of the grating-based
delay lines in transmission-mode operation. The fabricated optical delay lines are
characterized at the telecommunication wavelength of 1550 nm and compared with theory.
The fabricated devices consist of SOI waveguides with inward-grating profiles
apodized by the super-Gaussian function (Section 2.7). Inward apodization offers higher
fabrication tolerance than outward apodization. This advantage is because optical
photolithography is more prone to fabrication error when the feature sizes get smaller. In
an inward apodized device, the useful group-delay ripple-free regime is at the lower edge
of the grating stop-band. This is in contrast to an outward apodized device, where the
ripple-free regime is at the upper edge of the stop-band. Therefore, in an inward apodized
device, the Bragg wavelength and the grating period are larger than those in an outward
apodized device (for the same operating wavelength), and hence less sensitive to
fabrication errors.

3.1 Design
The delay lines were designed and optimized by calculating transmission
coefficients of the structures using the standard transfer matrix method (Section 2.2). The
effective refractive index of each corrugated section was determined by utilizing the
commercial simulation software COMSOLTM.
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According to our optimized designs, for an operating wavelength around 1550 nm,
the fabricated grating waveguide needs to have a width W of 580 nm, a grating length L of
2.5 mm, a maximum grating width w of 65 nm and a grating period Λ of 330 nm (Fig. 3.1).
The full width at half maximum (FWHM) of the employed super-Gaussian apodization
function of order 12 is 1.75 mm. SOI wafers with a 220-nm-thick silicon layer on a 2-μmthick buried oxide layer are used to achieve channel-shaped grating waveguides. It is noted
that these submicron waveguide cross-sections are much smaller than the designs discussed
in chapter two.
Delay tuning was achieved by using the thermooptic effect via microheaters
fabricated on top of grating waveguides. An increase in temperature of silicon causes an
increase of the material refractive index, resulting in a red shift of the whole delay spectrum
of the device. As the dispersion of the delay spectrum is anomalous in the vicinity of the
operating wavelength in inward apodized gratings, the signal delay decreases by
temperature increase, provided that the signal wavelength is fixed at the highest value of
its range.
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Figure 3.1: Schematic of the fabricated apodized grating silicon waveguide for
photonic delay line applications: L = 2.5 mm, maximum grating width w = 65 nm, Λ
= 330 nm and H = 220 nm in our design. The full width at half maximum (FWHM) of
the employed super-Gaussian apodization function of order 12 is 1.75 mm.
3.2 Fabrication and Characterization
The designed grating waveguides were fabricated in the frame of ePIXfab setup by
IMEC vzw CEA using a complementary metal–oxide–semiconductor (CMOS)-compatible
process using 193-nm deep ultraviolet (UV) lithography. The microheaters are made of 2μm-wide, 110-nm-thick Ti/TiN metallic layers. A 600-nm-thick SiO2 layer isolates the
Ti/TiN layer from the silicon grating waveguide to minimize the optical loss. Grating fiber
couplers are used at each end of the devices to launch the transverse-electric (TE) optical
power of a laser source in and out of the chip via single-mode optical fibers.
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Figure 3.2: (a) Transmission spectra of non-MZI grating waveguides (case A), MZI
with grating at two different biases (case B), and MZI device without any gratings
(case C); (b) Schematics of the three device cases in (a).
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The grating period of the fiber coupler is 630 nm, which is designed for maximum
efficiency at ~ 1550 nm wavelength. The grating fiber couplers are 20 μm long, 10 μm
wide and the corrugation depth is 70 nm.
Single-grating, delay lines (case A) were fabricated and their transmission spectra
were measured (the red line in Fig. 3.2(a)). These are the real devices for practical delay
line applications that can, in principle, be characterized by real-time pulsed measurements
utilizing a network analyzer [29]. However, it is perhaps more convenient to integrate them
in Mach–Zehnder interferometer (MZI) configuration and study their phase properties,
from which the actual time delay can be extracted [66]. In the MZI devices (case B in Fig.
3.2(a)), the reference arm contain similar grating waveguides but with longer periods of
335 nm. The longer-grating device in the reference arm is used to balance the loss of the
arms. Meanwhile, the 5-nm larger grating period redshifts its band-edge wavelength by
~10 nm (according to Fig. 3.2), giving an almost flat reference delay, corresponding to its
propagation length. A larger delay in the signal arm, compared to the reference arm of the
MZI, results in interference fringes in the transmission spectrum of the MZI (the longer the
delay, the faster the fringe oscillation). Hence, using the wavelengths of maxima and
minima of the MZI fringes, λmax and λmin, the delay of the signal arm can be conveniently
calculated using Tsig  max min /[ 2 c (max  min )]  Tref , where c is the speed of light in
vacuum and Tref is the delay of the reference arm.
The blue line in Fig. 3.2(a) shows the transmission spectrum of a typical MZI at 0
V of bias, while the green line shows the transmission spectrum when 15 V is applied to
the integrated microheater. To exclude the losses of fiber couplers and MZI from the loss
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calculations of the delay line, an MZI without any gratings was also fabricated on the same
die. The black line in Fig. 3.2(a) shows the transmission spectrum from this device (case
C).
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Figure 3.3: Delay spectrum extracted from wavelength location of the minima and
maxima from grating waveguide in MZI configuration (device B in Fig. 3.2) at 0 V
applied bias (blue triangles) and at 15 V applied bias (red circles). Solid line shows
the simulation results for the corresponding conditions. RT is the room temperature.
Figure 3.3 shows the delay versus wavelength, extracted from the wavelength
location of the minima and maxima of the grating waveguide in the MZI configuration
(device B), for 0 V (blue triangles) and 15 V (red circles) biases. The solid lines show the
simulation fittings to the results, based on the model described in Section 2.2. Here, the
waveguide width W and maximum grating width w are varied to fit the experimental data,
using the least squares method. The fitted values used for simulations in Fig. 3.3 are W =
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570 nm and w = 73 nm, which are somewhat different than W = 580 nm and w = 65 nm in
the designed lithographic mask. The discrepancy could be due to fabrication errors or
inaccurate estimation of the refractive index profiles in the simulations. The blue line in
Fig. 3.3 is obtained by assuming that the grating is at room temperature (RT), while the red
line was obtained by keeping W and w fixed at the above fitted values, and then adjusting
the device temperature to fit the experimental data at 15 V of bias.
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Figure 3.4: Loss and reflectivity from grating edges versus delay.
Figure 3.4 shows the insertion loss of the grating device (blue triangles) and its
reflectivity (red circles) versus extracted delay values. What meant by reflectivity here is
not the Bragg reflector reflectivity, as the operating wavelength is outside the stop band.
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Rather, the reflectivity is from the index contrast at the interface of the gratings and the
input/output waveguides [67], as discussed further below.
Loss values are obtained from the maxima of the transmission spectrum of the MZI
with gratings (case B in Fig. 3.2(a)) [66-67], after normalizing it to the transmission
spectrum of the MZI without gratings (case C in the same Fig. 3.2). Therefore, the loss
values exclude the coupling loss from the fiber couplers and the linear propagating loss of
simple waveguides, but include the loss induced by the grating at different time delays.
The extracted low interface reflectivity of < 3% emphasizes that this factor is not a major
contributor to the overall loss, in our pass-band regime of interest. The low reflectivity
values are possible here due to efficient apodization of the grating by the super-Gaussian
function, unlike uniform gratings that can suffer from high reflectivities at the abrupt
interfaces [67]. The reflectivity, R is calculated from V  2R /(1  R 2 ) , where

V  ( I max  I min ) /( I max  I min ) is the interference fringe visibility, calculated from the
amplitude of maxima Imax and minima Imin in Fig. 3.2(a) [67].
Figure 3.5 shows the dispersion induced limit on the bit rate and time delay for
different bias voltages, estimated from the discussed fitted simulations to the experiments,
corresponding to different applied biases. The bit rate was calculated using the criterion
discussed in Section 2.5. In each simulation, the grating waveguide temperature was
adjusted to fit the experimental data for the corresponding bias value, using the least
squares method. The input signal was assumed to be at 1547.3 nm wavelength, at which
both time delay and bit rate are sufficiently large (132 ps and 13 Gb/s, respectively). Fixing
the signal at longer wavelengths would offer higher delay values (see Fig. 3.3), but the bit
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rate will be reduced due to higher dispersion. For instance, 220 ps delay and a tuning range
of 174 are possible if high-speed operation is not required. In contrast, lower signal
wavelength will result in higher bit rate but lower delay. At the compromised wavelength
choice of 1547.3 nm, by varying the applied voltage from 0 V to 15 V, the time delay varies
from ~ 132 ps to ~ 46 ps. Meanwhile, the maximum limit on bit rate varies from ~ 13 Gb/s
to ~ 93 Gb/s. Hence, at this particular signal wavelength, the operating bit rate is at least
13 Gb/s, the attainable tunability is ~ 86 ps, the tunability-bit -rate product is 1.12, and the
delay-bit-rate-product is 1.72.
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Figure 3.5: Bit rate and delay versus applied bias.
3.3 Conclusions
In summary, characterization of the optical delay lines based on apodized inward
grating waveguides show that at a bit rate of 13 Gb/s, delay times as high as 132 ps with a
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tunability of 86 ps is feasible via the thermooptic effect. Higher delays of 220 ps, along
with a tuning range of 174 ps, are also possible in the 2.5-mm long devices, but at the
expense of reduced bit rate.
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CHAPTER FOUR: CASCADED COMPLEMENTARY APODIZED
GRATING WAVEGUIDES
In chapter 2, it was discussed that complementary apodized gratings have mirrorimaged delay spectra in both transmission and reflection mode. This chapter focuses on
this scheme for dispersion compensation by cascading two complementary grating
waveguides. In this way, a high-speed operation along with high delay and tunability is
achieved.

4.1 Cascaded Gratings in Transmission Mode
4.1.1 Operating Principle
Figure 4.1 depicts the schematic of two cascaded complementary-apodized grating
waveguides and delay spectra for individual and overall cascaded devices, for transmission
mode operation. The outward and inward apodized gratings are denoted as grating 1 and
grating 2, respectively. The delay spectrum of grating 1 is shown in Fig. 4.1(b) using solid
blue curve. It has smooth spectrum with normal dispersion in the operation regime. The
complementary device, grating 2, has delay spectrum (solid red curve) has delay spectrum
with anomalous dispersion in the operation regime.
Figure 4.1 also shows how cascading the complementary apodized gratings can
compensate their respective dispersions by taking advantage of their mirror-image delay
spectra. By appropriately choosing the center Bragg wavelengths, λB1 and λB2, a relatively
flattened dispersion relation can be obtained in the operation regime of the cascaded device
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(dashed green curve). Consequently, high delay and high bandwidth are simultaneously
achievable in the wavelength range between the two stop-bands of the cascaded gratings.

Gratings 1

Gratings 2
Out

In

(a)

grating 2
stop band

time delay

grating 1
stop band

Cascaded

λB1
λB2
operation regime

wavelength

(b)
Figure 4.1: (a) Schematic of cascaded scheme for complementary apodized gratings,
using outward apodized grating (grating 1) and inward apodized grating (grating 2);
(b) The delay spectra of grating 1 (blue curve) and 2 (red curve) and the overall
cascaded device. Delay spectrum of overall cascaded device is shown in dashed green.
Efficient apodization is very important for the cascaded scheme because it
significantly reduces the interface reflection of the gratings, and hence eliminates the
undesired FP cavity fringes between the cascaded gratings, which would otherwise
drastically reduce the operating speed. Also, the absence of the FP resonances in apodized
gratings implies that the choice of the gap length between the two gratings is not important.
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The gap is essential to avoid thermal crosstalk between microheaters of the cascaded
gratings, as discussed in the next section. In practice, the gap can be replaced with a folded
bent waveguide in order to reduce the total length of the delay chips by about half.
It is noted that the apparent oscillatory regions in the delay are not used in the
present device, and hence are not concerned, in principle. Nonetheless, the oscillations can
be totally eliminated by envisioning an index profile that has a zero dc value [63]. Such a
zero-dc profile can be practically achieved if both the waveguide and the grating widths,
W and w, follow super-Gaussian functions. However, our studies (shown in Fig. 2.13)
suggest that the performance of such a device is very similar to that of Fig. 4.1. Meanwhile,
designing a zero-dc profile (using four different super-Gaussian functions) is more
complicated and its operation is expected to be much more sensitive to fabrication errors
than the presented case.

4.1.2 Simulation Results
According to the notations of Fig. 2.16, W = 1.5 µm, H = 2 µm, D = 1 µm, L = 1.0
cm, w1 ≈ 250 nm and w2 ≈ 160 nm were used in the design of transmission mode devices.
The choices of the unidentical grating periods for operation in the 1,550 nm band were Λ1
= 224.6 nm and Λ2 = 225.9 nm.
Figures 4.2(a) and 4.2(b) present the transmission and delay spectra for the
transmission-mode cascaded device and how the spectra can be thermally tuned. The
aforementioned corrugation periods were chosen such that the upper stop-band edge of
grating 1 (when it is heated to 30ºC above room temperature, i.e., T1 = RT + 30ºC) coincides
with the lower stop-band edge of grating 2 (when it is kept at RT), i.e., ΔT = T2 ̶ T1 = ̶
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30ºC. Under these conditions, the time delay is at its maximum and the bit rate is at its
minimum. Varying ΔT to ~ +30ºC shifts the device to the other extreme, i.e., minimum
delay and maximum bit rate. As expected, the calculated delay (203 ps) and tunability (93
ps) is almost as we got from single device (i.e., delay of 210 and tunability of 90 ps).
The thermal crosstalk between the cascaded gratings with a temperature difference
of up to 30ºC can be minimized by inserting a gap between them. To estimate the required
gap length, the thermal crosstalk between the cascaded gratings in the transmission mode
was calculated using the 3-D heat diffusion module of COMSOLTM. The results suggest
that a minimum length of 2 μm is necessary to keep the thermal crosstalk < 10%. For a
crosstalk of < 1%, the minimum gap length should be 4.4 μm. The gap can be easily
incorporated between the two cascaded gratings with no impact on the optical properties
of the system because of the absence of FP cavity formation between the gratings, as
discussed before.
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Figure 4.2: (a) Transmission and (b) delay spectra of transmission-mode cascaded
devices for various ΔT = T2 – T1 (temperature difference of grating 1 and grating 2)
around a center wavelength of 1550 nm.
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Figure 4.3 plots the maximum attainable bit rate and delay versus ΔT for the
cascaded device and compares them with the performance of 1-cm-long single-grating noncascaded device. In all cases, the temperatures of the gratings vary from RT to a maximum
of RT + 30°C. The estimated bit rate for cascaded device is 30 Gb/s which is almost three
times greater than the single device. This results in a delay-bitrate-product of 6.1 and
tunability-bitrate-product of 2.8.
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Figure 4.3: The maximum attainable bit rate and delay versus ΔT = T2 – T1 for the
transmission mode cascaded device and their comparison with non-cascaded grating
waveguide of the same total length (ΔT = T – RT in this case):
4.2 Cascaded Gratings in Reflection Mode
4.2.1 Operating Principle
Dispersion compensation can also be achieved in the reflection mode cascading the
linearly tapered gratings (Figure 4.4). As the linear grating profiles possess a close to linear
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dispersion relations, an almost dispersion-flat devices are feasible if two such
complementary gratings are cascaded (Figure 4.5). In practice, cascading of two devices in
the reflection mode can be achieved by an optical circulator (Figure 4.4(a)). If a
monolithically integrated system is desired, four gratings and two multi-mode
interferometers (MMIs) can be employed using the arrangement shown in Fig. 4.4(b), as
proposed before for drop filters [64-65]. Here, light enters at the arm 1 of upper MMI and
reaches to both gratings at arm 3 and 4 but with 90 degrees out of phase with respect to
each other. Both gratings are ‘type 1’ here. After reflecting from both gratings, the light
reaches arm 1 and 2. But because of a 90º phase shift at arms 3 and 4, there will be a
destructive interference at arm 1 but a constructive interference at arm 2. In this way, all
light will be steered to arm 2 after reflecting from the gratings. Similarly, light enters the
lower MMI and then reflects back from ‘grating 2’ and exits at arm 2 of the lower MMI.
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Figure 4.4: Two schemes for cascading reflection mode devices using (a) optical
circulators and (b) Multi-mode interferometers.
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Figure 4.5: The delay spectra of grating 1 (blue curve) and 2 (red curve), depicting
the cascading shceme in reflection mode. Delay spectrum of overall cascaded device
is shown in dashed green.
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4.2.2 Simulation Results
All device parameters for cascaded devices in the reflection mode are the same as
the transmission mode, except that a linear taper is used instead of a super-Gaussian profile.
The performance of the cascaded reflection-mode system is presented in Fig. 4.6. The
system’s maximum possible value for tunability-bit-rate product is significantly higher
(44.3) than the non-cascaded devices. Also, delay-bit-rate product is impressively high
(75.3). The corresponding time delay tuning range is from 87 to 212 ps at this operating
condition. As discussed later, by trading off some of the tunability-bit-rate product, higher
delay and tunability can be achieved.
Figure 4.7 plots the maximum attainable bit rate and delay versus ΔT for the
reflection mode cascaded devices and compares them with the performance of 1-cm-long
single-grating non-cascaded devices. In all cases, the temperatures of the gratings vary
from RT to a maximum of RT + 30°C. Table 4.1 summarizes the key figures of merits of all
of the four studied devices. For the same size, the reflection-mode cascaded
complementary delay line outperforms the others in terms of bit rate (355 Gb/s), delay-bitrate product (75.3) at the mentioned maximum tunability-bit-rate product of 44.3. When
the tunability-bit-rate product is maximized for the non-cascaded reflection-mode device,
a higher delay of 276 ps and a higher tunability of 225 ps can be achieved but the bit rate
will be much lower (23.3 Gb/s).
The fundamental limit on loss per time delay (expressed in dB/ns) of any type of
guided photonic delay line is αT = αc/ng, where α is the linear propagation loss, ng is the
group index, and c is the speed of light in vacuum. Indeed, even though slowing the light
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using gratings, PhCs, CROWs, etc., increases the propagation time (delay) via the
enhancement of ng, the effective propagation length of photons increases by the same factor
too. Thus, αT is independent of enhancement of ng. The fundamental limit of αT clearly
applies to the case of standard waveguide delay lines. All other types of delay lines,
including the present devices, however, suffer from one or more loss mechanisms. For
example, in the case of CROW-based delay lines, the directional coupling loss between
adjacent ring resonators is a significant additional contributor to the overall loss [30]. In
the case of PhC waveguide delay lines, the high reflection loss close to the band edge
(which scales as ng2 [68]) is an additional significant factor. One advantage of the proposed
devices is that because of the employed optimized apodized grating waveguides, there is
no grating-induced reflection loss in the transmission operation mode and no transmission
loss in the reflection operation mode (see Fig. 2.17(b) and 2.20(b)). There are, however,
two other contributors to propagation loss for the present devices. They are the radiation
loss of the gratings and scattering from etched sidewalls. The former is due to mode
mismatch of adjacent corrugations and the latter is mostly a function of the roughness of
etched sidewalls and the effective area of these sidewalls seen by the guided optical mode.
Nonetheless, grating waveguides with propagation losses as low as 1.5 dB/cm have been
reported [64-65]. Based on this experimental value, a loss per time delay of 13.6 dB/ns can
be predicted for the proposed devices.
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Figure 4.6: (a) Transmittivity of the cascaded systems in Fig. 4.4(a) or (b) based on
reflection-mode gratings; (b) Delay spectra of the same systems for various ΔT = T2 –
T1 (temperature difference of grating 1 and grating 2) around a center wavelength of
1,550 nm.

68

10

3

500

300
10

2

200

Delay (ps)

Bitrate (Gb/s)

400

100
1

10
-30

-20

-10

0
o
T ( C)

10

20

0
30

Figure 4.7: The maximum attainable bit rate and delay versus ΔT = T2 – T1 for the
reflection mode cascaded devices and their comparison with non-cascaded grating
waveguides of the same total length (ΔT = T – RT in these cases).
4.3 Conclusions
In summary, a new class of photonic delay line that comprises two cascaded
apodized grating waveguides with complementary (positively and negatively modulated)
index profiles for dispersion compensation is proposed. Table 1 summarizes the
performance of the studied devices and compares them with the state-of-the-art
technologies. It is emphasized that the values for the present work are obtained under the
condition of maximum tunability-bit-rate product. The loss values for 1-cm long micronsize spiral waveguides are based on assuming 0.3 dB/cm propagation loss [5]. It is evident
that for tunable delay lines, the present reflection-mode cascaded devices have extremely
high performance in terms of bit rate (355 Gb/s), delay-bit-rate product (75.3) and
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tunability-bit-rate product (44.3). The non-cascaded reflection-mode device outperforms
all the other devices in terms of delay (276 ps) and tunability (225 ps) but at a lower bit
rate of 23.3 Gb/s. Meanwhile, reasonably high performance can be achieved in the
transmission-mode cascaded devices which require a simpler architecture (compare Fig.
4.1(a) to Figs. 4.4(a) and (b)).

Table 4.1: Comparison of the state of the art silicon delay line techniques.

Device Type
Waveguide
(1 cm long)
CROW[30]

Loss Delay Bit rate Delay*
dB/nm (ps) (Gb/s) Bit rate

Tun. †
(ps)

Tun.*Bit
rate

2.4

124

>1000

>124

~0

~0

60

89

8.9

89

8.9

SCISSOR[40]

6

135

1.3

135

1.3

PhC [66]
Present work:
Transmission
mode
Reflection
mode

160

50

100
10
(GHz)
10

0.5

33

0.33

203

33

6.7

83

2.74

212

355

75

125

45

13.6
[65]
13.6
[65]

† Tunability at fixed λ
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CHAPTER FIVE: EXPERIMENTAL RESULTS ON CASCADED
GRATING DELAY LINES
In chapter 4, it was proposed that high-speed operation and high tunability can be
simultaneously achieved in grating-based delay lines using a dispersion compensation
scheme. The scheme is based on cascading two apodized grating waveguides with outward
and inward super-Gaussian apodization profiles. In this chapter, such complementary
apodized cascaded grating waveguides are demonstrated for the first time.

5.1 Design
Transmission coefficients of the structures were calculated and optimized by using
the standard transfer matrix method (Section 2.2). As previously stated, the commercial
simulation software COMSOLTM is used to determine the effective refractive index of each
corrugated section of the gratings. According to our design, each grating waveguide has a
width, W, of 580 nm and a length, L, of 2.5 mm. Super-Gaussian apodization function of
order 12 with a full-width-at-half-maximum (FWHM) of 1.75 mm is used. Grating 1 has a
maximum grating width, w1, of 210 nm and a grating period, Λ1, of 285 nm (see Fig. 5.1).
Grating 2 has a maximum grating width, w2, of 65 nm and a grating period, Λ2, of 320 nm
(see Fig. 5.1). According to fittings to the experimental results presented later, for these
design parameters, when grating 1 is 45ºC above room temperature (RT) and grating 2 is at
RT, the upper stop-band edge of grating 1 coincides with the lower stop-band edge of
grating 2. Under these conditions (ΔT = T2 – T1 = –45ºC), the time delay is at its maximum
and the bit rate is at its minimum. Varying ΔT to ~ +45ºC, i.e., when grating 1 is at room
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temperature and grating 2 is 45ºC above room temperature, shifts the delay spectrum to the
other extreme, i.e., minimum delay and maximum bit rate.

Λ1
L

w1

Λ2

D

Figure 5.1: Schematic of cascaded complementary apodized gratings, using outward
apodized grating (grating 1) and inward apodized grating (grating 2).
5.2 Fabrication and Characterization
The designed grating waveguides were fabricated in the frame of ePIXfab setup by
IMEC vzw CEA using a complementary metal–oxide–semiconductor (CMOS)-compatible
process using 193-nm deep ultraviolet (UV) lithography. The employed SOI wafer has a
220-nm-thick top silicon layer and a 2-μm-thick buried oxide layer. 2-μm-wide, 110-nmthick Ti/TiN metallic microheaters were fabricated on top of the grating waveguides for
delay tuning. To avoid metallic loss, a 600-nm-thick SiO2 layer is deposited between the
microheaters and the silicon ridges. Figures 5.2 and 5.3 show
microscope (SEM) images of grating 1 and grating 2, respectively.
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scanning electron

Figure 5.2: Scaning electrom microscope (SEM) image of outward apodized grating
waveguide (grating 1).

Figure 5.3: Scaning electrom microscope (SEM) image of inward apodized grating
waveguide (grating 2).
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Waveguide grating couplers are used to launch the transverse-electric (TE) mode of a
tunable laser source in and out of the chip via single-mode optical fibers. The fabricated
couplers have a grating period of 630 nm, length of 20 μm, width of 10 μm, and corrugation
depth of 70 nm.
The grating delay lines are characterized by integrating them in a Mach–Zehnder
interferometer (MZI) configuration, where the actual time delay can be extracted by
studying the phase properties [66]. In the MZI devices (blue and red lines in Fig. 5.4), the
reference arm contains similar grating waveguides but with 5 nm smaller periods of 280
nm for type 1 grating and 5 nm longer periods of 325 nm for type 2 grating. In other words,
the MZI reference arm contains cascaded complementary type 1 and 2 gratings with
periods of 280 nm and 325 nm, respectively. The gratings in the reference arm are used to
balance the loss of the arms. Meanwhile, the 5-nm shorter grating period blue-shifts its
band-edge wavelength by ~20 nm and the 5-nm larger grating period red-shifts its bandedge wavelength by ~10 nm (according to Fig. 5.4), giving an almost flat reference delay,
corresponding to its propagation length of 5 mm at our operating wavelength of 1521.8
nm. The group delay difference between the signal and reference arms creates interference
fringes such that faster fringe oscillation corresponds to longer delay. Mathematically, the
signal arm delay can be accurately extracted from the wavelengths of the maxima and
minima of the MZI fringes, λmax and λmin: Tsig  max min /[ 2c(max  min )]  Tref . Here, c
is the speed of light in vacuum and Tref is the delay of the reference arm.
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Figure 5.4: Transmission spectra of an MZI with gratings: The blue line is for
transmission spectrum when 0 W is applied to the microheater on top of the type 1
grating and 0.5 W is applied to the type 2 grating. The red spectrum is for the opposite
electrical power conditions.
5.3 Results and Discussions
The blue line in Fig. 5.4 shows the transmission spectrum of a typical MZI when 0
W of electrical power is applied to the type 1 grating’s microheater (P1), while 0.5 W is
applied to type 2 (P2). Similarly, the red line in Fig. 5.4 shows the transmission spectrum
of a typical MZI for P1 = 0.5 W and P2 = 0 W.
Figure 5.5 shows the delay spectrum, extracted from the wavelength location of the
minima and maxima of the grating waveguides in the MZI configuration, for P1 = 0.5 W
and P2 = 0 W (red circles). The blue triangles are for P1 = 0 W and P2 = 0.5 W. The solid
lines show the simulation fittings to the results, based on the model described in Section
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2.2. Here, the maximum grating width, w, is varied to fit the experimental data while the
waveguide width, W, is set 10 nm less than the value used in the photolithographic mask
(580 nm) to account for 10 nm of dry oxidation that was performed for sidewall
smoothening. For the type 2 grating, the feature size values used in simulation were
decreased by < 5 nm on each side from the values used in the photolithographic mask.
While this discrepancy may be explained due to the contracting effect of the oxidation, the
type 1 devices are apparently much more off from the designed values, since the grating
width, w1, had to be decreased by 30 nm to fit the experimental data. This discrepancy
seems to be a result of fabrication errors, or it could be due to inaccurate estimation of the
refractive index profiles in the COMSOLTM simulations. The blue line in Fig. 5.5 is
obtained by assuming that the grating 1 is at room temperature (T1 = RT) and grating 2 is at
30oC above room temperature (T2 = RT + 30oC), that is ΔT = T2 – T1 = +30oC. The red line
was obtained at T1 = RT + 30oC and T2 = RT (ΔT = T2 – T1= –30oC).
To estimate the impact of cascading, the cascaded devices are compared with a
single-grating type 2 device, which has a length equal to the sum of the two gratings in the
cascaded scheme (5 mm). Figure 5.6 shows the delay spectra of such a grating at 0 W
(blue line) and 0.5 W (red line) of consumed electrical power. The electrical power was
limited to 0.5 W, to compare its tunability with a cascaded device using the same maximum
tuning power. As discussed later, the cascaded device has a more tunability range, because
0.5 W is applied for heating a length of 2.5 mm, but in the case of the single device, 0.5 W
will heat up a 5-mm grating. This will result in an increase in tunability for the cascade
device.
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Figure 5.5: Delay spectrum extracted from wavelength location of the minima and
maxima of the grating waveguides in MZI configuration with grating 1 at 0 W and
grating 2 at 0.5 W (blue triangles) and at 0.5 W for grating 1 and at 0 W for grating
2 (red circles). Solid line shows the simulation results for the corresponding
conditions: ΔT = T2 – T1.
The limitation imposed by dispersion on the bit rate is estimated from the discussed
dispersion fittings to the experimental data. Specifically, the bit rate values shown in Fig.
5.7 are calculated from broadening of transform-limited input pulses of the delay spectra
such that 95% of the output pulse energy would stay in its corresponding time slot, as
explained in Section 2.5. In each calculation, the grating waveguide temperature was
adjusted to fit the experimental data for the corresponding bias value.
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Figure 5.6: Delay spectra for a 5-mm-long type 2 grating at different bias voltages.
Thermal crosstalk between the two gratings is one issue in this proof of concept
demonstration. The two gratings were placed 10 µm apart as suggested by 3-D heat
diffusion simulation based on COMSOLTM. The distance between the microheaters is 100
µm. However, by increasing the electrical power beyond 0.5 W in one grating, the spectrum
of the other grating shifts too, which is clearly a sign of thermal crosstalk. Due to this
issue, we were not able to bring the spectrum of the gratings close enough to get a delay
above 82 ps. The problem of thermal crosstalk can be solved by increasing the gap between
the apodized gratings. As discussed in Section 4.1, the gap does not affect the combined
delay spectrum.
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Figure 5.7: Bit rate and delay versus applied bias for cascaded and single devices. For
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the type 1 grating and P2 is the corresponding value for the type 2 grating. For the
single device, the x-axis corresponds to the power applied to the type 2 grating.
Important figures of merit of the cascaded device are tabulated in Table 5.1 and
compared with a single device of the same length and under same electrical tuning power.
In the cascaded device, a maximum delay of 82 ps and tuning range of 32 ps, with a bit
rate as high as 107 Gb/s were extracted according to the discussed methods. As discussed
in the previous paragraph, the delay was limited due to thermal crosstalk. The delay-bitrate product in this device is 8.8 and the tunability bit rate product is 3.4. The signal
wavelength was set at 1521.8 nm (Figure 5.5). For the single type 2 device, the signal
wavelength is 1520.9 nm, that is when the tunability-bit-rate product is at its highest value
of 1.25 corresponding to a delay of 164 ps and a bit rate of 15 Gb/s. The tunability range
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for this case is 81 ps, the delay bit rate product is 2.5 (~3.5 times smaller than cascaded
device), and the tunability-bit-rate product is 1.25 (~2.7 time smaller). The two devices
were also compared by assuming a smaller signal wavelength (1519.1 nm) for the single
device. At this wavelength, the single device maximum delay is identical to the discussed
cascaded maximum delay of 82 ps. Here, the bit rate is estimated to be 62 Gb/s for the
single device and the tuning range is limited to 14.2 ps. The resulting delay bit rate product
is 5.1, which is 1.7 time smaller than the cascaded device and the tunability-bit-rate product
is only 0.88 (3.9 time smaller than the cascaded device).
Table 5.1: Comparison of the cascaded and single devices.

Delay (τ)
Bit rate (B)
Delay

Bit rate

Tunability

Tunability

Bit rate

Casc.

Single
Large τ

Single
Large B

82 ps

164 ps

82 ps

107 Gb/s

15 Gb/s

62 Gb/s

8.8

2.5

5.1

32 ps

81 ps

14.2 ps

3.4

1.25

0.88

For the cascaded device, the insertion loss of the MZI with gratings when the delay
is at maximum (82 ps), is 8.4 dB. To exclude the losses of the fiber couplers and MZI from
the loss calculations of the delay line, a test device without any gratings is also fabricated
on the same die. The insertion loss of the MZI device without gratings is 5.2 dB. This
suggests that the loss induced by the gratings alone at the delay of 82 ps is in the order of
3.2 dB.
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5.4 Conclusions
In conclusion, characterization of the optical delay lines based silicon grating
waveguides shows that by cascading complementary apodized gratings, an enhancement
of around three times in tunability-bit-rate product is attained, when compared with single
grating device. The measured time delay in the cascaded device is 82 ps, the tunability is
32 ps, and the devices can potentially operate at a bit rate of 107 Gb/s.
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CHAPTER SIX: SILICON-ON-SAPPHIRE WAVEGUIDES
6.1 Mid-Infrared Silicon Photonics
While the transparency window of silicon spans 1.12 μm to 6.9 μm, it is not truly
transparent in the near-IR wavelength regime at high optical intensities due to nonlinear
losses. These nonlinear losses arise from the two-photon absorption (TPA) and the induced
free-carrier absorption (FCA) when the optical wavelength is below 2.23 μm. As shown in
Fig. 6.1, a photon (or two photons) can be absorbed only if its energy is greater than the
band-gap energy of the silicon of 1.11 eV. It corresponds to the wavelength of 1.117 μm
for a single photon and 2.23 μm for two photons (0.55 eV for each photon). Therefore, for
wavelengths of 1.2 μm to 2.23 μm, there are no linear losses in silicon because a single
photon cannot be absorbed. Nonetheless, the sum energy of two photons is still higher than
the band-gap energy in this wavelength window, which results in nonlinear losses, i.e.,
TPA and FCA by the TPA-generated carriers.
B. Jalali et al. reported an experiment that confirms the absence of nonlinear loss
in the mid-IR regime [69]. They investigated the transmission of near-IR and mid-IR pump
sources through bulk crystalline silicon material. A Chromium, Thulium, Holmium-Doped
Yttrium Aluminum Garnet (CTH-YAG) laser operating at the near-IR wavelength of 2.09
μm and another Er-doped YAG laser operating at the mid-IR wavelength of 2.936 μm were
used. While at higher optical intensities silicon attenuates the near-IR radiation, the midIR laser showed no absorption at any intensity used in their experiment (up to 100
MW/cm2). Therefore, excellent transmission window, absence of both linear and nonlinear
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losses, high damage threshold, good thermal conductivity and large Raman gain coefficient
make silicon an idea material for mid-IR photonics.
two
single
photon
photon
absorption absorption

bandgap
1.11 eV

1.117 μm
(1.11 eV)

2.23 μm
(0.55 eV)

2.23 μm
(0.55 eV)

Figure 6.1: Band diagram of silicon and the threshold energies and wavelengths for
aboroption in silicon.
6.2 Bottom Cladding Options for Mid-Infrared Silicon Waveguide
Standard SOI waveguides are not suitable for mid-IR since their bottom silicon
dioxide (SiO2 or simply oxide) cladding layers have huge material loss at certain mid-IR
wavelengths [70]. Efforts have been made to eliminate the overlap of the optical mode with
the lossy buried oxide cladding by demonstrating suspended silicon membrane waveguides
[71]. Another alternative is to use sapphire as the bottom cladding material. Since sapphire
is transparent up to the wavelength of 4.4 μm [70], silicon-on-sapphire (SOS) waveguide
can be used up to this wavelength. SOS is even an older technology than SOI for CMOS
fabrication. Its insulating substrate can shrink the parasitic capacitance and lead to higher
speed and lower power electronics compared to bulk silicon wafers. SOS wafers are usually
fabricated by epitaxially growing silicon on sapphire substrate. Oxygen atoms in the rplane (IῙ02) of sapphire are lattice-matched to the (100) plane of Si. However, the invention
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of SOI wafers dampened the interest in the SOS technology for microelectronics. Perhaps
application of SOS wafers in mid-IR photonics can revive this interesting technology over
time.

6.3 Fabrication and Characterization of SOS Waveguides
Silicon-on-sapphire (SOS) waveguides were fabricated using the CREOL’s
cleanroom facility. Figure 6.4 show our demonstrated process flow for SOS waveguide
fabrication. The employed SOS wafers have a 600-nm thick silicon layer on top of a 500μm sapphire substrate. Polishing the thick and hard sapphire substrate is a great challenge.
To partially alleviate this problem, SOS dies are partially diced to around 450 μm before
any processing, using a 200 μm thick dicing saw (see step 1 in Fig. 6.4). After waveguide
fabrication, the dies are cleaved and then polished (see step 6-7 in Fig. 6.4). This novel
process helps us to get smooth waveguide facets because only ~50 μm sapphire needs to
polished, rather than 500 μm. The rest of the fabrication process follows.
A 500-nm thick plasma-enhanced chemical vapor deposition (PECVD) SiO2 layer
is deposited on SOS die for hard mask, which is followed by ultraviolet (UV)
photolithography for waveguide patterning on photoresist (PR). A Plasma-Therm 790
reactive ion etcher (RIE) was used to transfer pattern from the PR to SiO2 hard mask. Then,
the PR is removed and the entire 600-nm-thick silicon layer is etched using an inductivelycoupled-plasma (ICP) RIE etcher by Plasma-Therm. The fabricated L-shaped waveguide
has lengths ranging from a few hundred of microns to 2 cm. The waveguide width is 1 μm
and the height is 600 nm.
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1: Partially dice the sapphire of an SOS wafer

2: Deposit SiO2 mask

Photoresist

3: Photolithography

4: Dry etch SiO2 mask

5: Remove PR and Dry etch Si

6: Remove oxide and cleave along
the partial dicing marks

7: Polish facets

Figure 6.4: Fabrication flow of silicon-on-sapphire waveguides.
The fabricated waveguides were characterized using both cutback and Fabry-Perot
(FP) methods. In the cutback method, transmission of L-shaped waveguides with different
lengths was measured. A linear line was fitted on the experimental data using the least
squared method. The resulting propagation loss obtained from this method is ~13.4 dB/cm
at 1.55 μm (shown in Fig. 6.5 below)
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Figure 6.5: Output optical power from SOS waveguide of different lengths. Green
squars shows the experimental data and dashed blue line shows the fitting using the
least squres method.
6.4 Thermal Oxidation of SOS Wafers
Generally, a dry thermal oxidation process is performed on silicon waveguides as
a last fabrication step. This step helps to reduce the sidewall roughness resulting in a
reduced scattering loss in the waveguides. This oxidation process was applied to the SOS
waveguides, but we were not able to detect any transmission in the waveguide after the
process. Figure 6.6 shows a scanning electron microscope (SEM) image of an oxidized
SOS waveguide. Investigation revealed that 100% of the fabrication waveguides were
functioning properly before the oxidation step but none of them were working after the
thermal oxidation process.

86

Although no further experimentation was performed to figure out the cause of the
huge loss after the oxidation step, the following conjectures can cautiously be stated after
some literature survey. At elevated temperatures, a chemical interaction between silicon
and sapphire results in aluminum doping of the silicon layer [72]. The doping level
increases with an increase in temperature. Two chemical reactions are possible between
silicon and sapphire [72]. They are
2 Al2O3(c) + 3 Si (c)  3 SiO2(c) + 4 Al (in Si),
and
6.5 Al2O3(c) + 3 Si (c)  1.5 Al6 Si2O13(c) + 4 Al (in Si).
Reference [72] reports an aluminum concentration of 1018 atoms/cm3 for a temperature of
1000oC.
Another explanation for the excessive optical loss in the waveguides could be
creation of large amount of dislocations in the SOS crystal due to the high-temperature
oxidation process. As explained in the same reference [72], the dislocation arises from the
development of stresses caused by the large difference in the thermal expansion
coefficients and lattice constants of the two materials.
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Figure 6.6: Scanning electron microscope (SEM) image of an oxidized SOS
waveguide.
6.5 Conclusions
In summary, L-shaped silicon-on-sapphire waveguides are fabricated and
characterized at 1.55 μm using cutback method. The extracted propagation loss is 13.4
dB/cm. SOS waveguides can be used for wavelength up to 4.4 μm.
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CHAPTER SEVEN: SILICON-ON-NITRIDE WAVEGUIDES
In this chapter, fabrication of silicon-on-nitride (SON) waveguides and their
characterization at both mid-IR and near-IR wavelengths are discussed. The silicon nitride
transparency window is up to 6.7 μm, which almost overlaps with silicon’s itself. Thus, if
utilizing silicon in its full potential is desired, silicon nitride is an excellent cladding choice.
But unlike SOS or SOI wafers, SON wafers are not commercially available. Hence, in this
work, SON dies were fabricated by bonding a silicon handling die to a SOI die coated with
a low-stress silicon nitride layer. Subsequent removal of the SOI substrate results in a thin
film of silicon on a nitride bottom cladding, readily available for waveguide fabrication.

7.1 Fabrication
The bonding fabrication process is depicted in Fig. 7.1 and is described in the
following. A SOI wafer and a silicon handling wafer were first diced into 2 × 2 cm2 dies.
The SOI die was then coated with a 1.3-µm low-stress silicon nitride (SiNx) layer using
the plasma-enhanced chemical vapor deposition (PECVD) process. Silicon nitride can be
direct-bonded to the handling die after planarization by chemical mechanical polishing
(CMP) [73-74] or by using a spin-on-glass (SOG) layer [75-76]. SOG was chosen in this
work because of its low cost and ease of fabrication. Silicate-based SOG (20B) by
Filmtronics was diluted with isopropyl alcohol (IPA) with a ratio of SOG:IPA = 1:8,
resulting in a SOG layer of around 38 nm after 10 minutes of curing at 240°C. Thicker
SOG layers (using higher SOG:IPA ratio) were avoided because they lead to striations that
causes difficulties in the subsequent bonding step. Since SOG has low adhesion to silicon
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and silicon nitride surfaces, 50-nm thick layers of PECVD silicon dioxide (SiO2) were
deposited on both the nitride layer (SOI die) and the silicon handling die before bonding.
Thorough cleaning of the dies, by both the piranha solution and the RCA process, is
essential for high-quality bonding. The cleaning steps also make the surfaces hydrophilic
and strengthen the formed bonds. Initial room-temperature, atmospheric-pressure bonding
was performed by sandwiching the dies between two quartz slides and squeezing them with
a steel clamp. A 60-minute annealing at 450°C in a nitrogen environment completes the
bonding process. Then, about 400 µm of the 500-µm thick SOI substrate is removed by
lapping, and the remaining 100 µm is wet-etched in tetramethylammonium hydroxide
(TMAH) solution at 70°C. Finally, the BOX layer is removed by diluted hydrofluoric (HF)
acid solution exposing the SOI thin-film layer for waveguide processing. The SOG
bonding is strong enough to survive the lapping and the following dicing and polishing
processes for waveguide fabrication. It is noted that bonding at atmospheric pressure
causes some undesired bubble formation in the achieved SON dies. This problem can be
eliminated by bonding in vacuum, which is applicable for both direct and SOG-based
bonding [75-76].
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Figure 7.1: Schematic of silicon-on-nitride die fabrication process.
Obviously, the buried SiNx layer should be thick enough to prevent leakage of the
optical mode into the silicon substrate, the SOG layer and the associated SiO2 adhesion
layers. The required SiNx thickness and waveguide dimensions for single-mode condition
at mid-IR wavelengths were designed by RSoft BeamProp simulations. Ridge waveguides
with 2 µm rib thickness, 0.8-µm etch depth (1.2-µm slab thickness), and 2.0 to 2.5 µm
ridge widths were chosen for single-mode operation at the wavelength of 3.39 µm. The
simulation results (see the inset of Fig. 7.4(a)) show that for a SiNx thickness of 1.3 µm,
there is negligible overlap of the optical mode with the SOG layer and the silicon substrate.
Based on the above design guidelines, ridge optical waveguides were fabricated on
the SON dies using standard optical lithography and inductively-coupled-plasma (ICP) dry
etching of silicon using a 500-nm PECVD SiO2 hard mask. The employed SOI wafers had
a 2-µm-thick top silicon layer on a 1-µm-thick BOX. The SOI substrate and the silicon
handling wafers were both 500-µm thick. The chips were diced into smaller dies that
accommodate < 0.5-cm-long L-shaped ridge waveguides. The waveguide facets were
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finally polished at highest attainable quality for optical transmission-loss measurements
using end-butt coupling and the Fabry-Perot (FP) method. Fig. 7.2 shows a scanningelectron-microscopic (SEM) image of the polished facet of a fabricated waveguide with air
top cladding. The shiny layer observed in the middle of the ~1.3-µm-thick silicon nitride
layer is a measurement artifact due to the well-known charging effect of dielectric layers
during SEM imaging.

2 µm

Silicon

Silicon nitride

Silicon substrate

SOG

Figure 7.2: SEM images of a fabricated silicon-on-nitride waveguide.
7.2 Characterization
The propagation loss, α, of the achieved L-shaped SON waveguides was measured
by the FP method, i.e., α was extracted from the modulation depth of the interference
fringes [77]:

 1  Pmin / Pmax
 1 P / P
min
max


L  log R
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(7.1)

Pmin is the minimum measured power and

Pmax is the maximum measured power in

the FP fringes, L is the waveguide length, and R is the reflectivity of the waveguide facet.
The radius of curvature of the L-shaped waveguides is 1 mm, which is large enough to
ignore any bending loss.

Oscilloscope

Ref

Chopper
controller

Lock-in

Photo
detector

700 Hz

Mid-IR
MM fiber
Mid-IR
SM fiber

HeNe laser
@3.39μm
Lens
Chopper

Waveguides

TEC

Figure 7.3: Schematic of the experimental mid-IR setup used to characterize the
silicon-on-nitride waveguides.
Figure 7.3 shows the schematic of our measurement setup at mid-IR wavelengths
that includes the standard lock-in technique for signal amplification. A Newport 3.39-µm
HeNe laser with a maximum continuous-wave (CW) output power of 2 mW was employed.
The FP fringes were obtained by sweeping the temperature of the chip using a
thermoelectric cooler (TEC) controller. A mid-IR single-mode (SM) ZBLAN optical fiber
from IRPhotonics was used to couple light into the waveguides, while a mid-IR multimode
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(MM) metal halide fiber was used for coupling the light out of the waveguides. Both the
input and output fibers were non-tapered. ThorLabs’ PbSe amplified detector (model#
PDA20H) was used for photodetection. Waveguides’ temperature was scanned from 15°C
to 58°C at a speed of 0.1°C/sec.

7.3 Results and Discussion
Figure 7.4(a) shows a measured transverse-electric (TE) mode transmission
intensity modulation of a waveguide with 2.0-µm ridge width and 3.65-mm length. The
inset shows the single-mode profile at 3.39 µm, obtained by RSoft BeamProp simulation.
By conducting several similar measurements for TE and transverse-magnetic (TM) modes,
propagation losses of 5.2 ± 0.6 dB/cm and 5.1 ± 0.6 dB/cm are respectively extracted from
Eqn. (1) at 3.39-µm wavelength. The TE and TM polarizations were achieved by simply
rotating the polarized HeNe laser around its axis.
The waveguides were also characterized at near-IR wavelengths. A CW tunable
laser at about 1.55 µm was used to scan the wavelength and obtain FP fringes (see Fig.
7.4(b)). The extracted TE-mode propagation loss is 15.4 dB/cm and the TM-mode loss is
15.6 dB/cm at 1.55 µm. The near-IR TE-mode propagation loss was also measured by
scanning the waveguide temperature using the TEC controller. The obtained value of 14.5
dB/cm is fairly close to the above value obtained from wavelength scanning. To a certain
extent, this consistency at the near-IR confirms the validity of the mid-IR measurements
done merely by temperature scanning.
The right-hand inset of Fig. 7.4(b) shows the measured output mode profile of a
SON waveguide at 1.55 µm, obtained by an infrared camera. Considering that the
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waveguides are L-shaped, the measured mode profile confirms that the optical energy is
indeed guided in the core, since any significant coupling into the slab mode(s) would have
been lost in the bent regions.

However, the measured single-lobe profile does not

necessarily mean that the waveguides are single-mode at the near-IR. Actually, the reason
for higher loss at near-IR compared to mid-IR, is that the large cross-section waveguides
(~2  ~2 µm2) are most likely multimode at 1.55 µm. Our BeamProp simulations confirm
that by launching a 1.55 µm TE input field into waveguides with widths of 2.1 to 2.5 µm,
higher order modes exist in the structures. The TE-like components of these higher-order
modes are symmetric and overlap the fundamental TE mode. A similar situation exists
when a TM field is launched into the waveguides. As a result, the optical energy leaked
from the fundamental mode into the higher-order modes can easily be lost to radiation
modes in the bent regions of the L-shaped waveguides. The net effect is that the higherorder modes contribute to an extra loss term in the attained fundamental-mode FP fringes.
The near-IR multimodeness is also supported by our experimental results. It is
known that multimodeness leads to distortion in the FP fringes [78]. Slight distortion is
evident in our scanned fringes as shown in the zoomed region of Fig. 7.4(b). Obviously,
single-mode SON waveguides at near-IR can be achieved by fabricating smaller core crossSections, and then the real propagation loss at these wavelengths are expected to be
comparable to the mid-IR values.
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Figure 7.4: (a) Measured TE-mode transmission intensity modulation obtained by
scanning the temperature of a silicon-on-nitride waveguide at 3.39 µm wavelength.
The inset shows the mode profile of the single-mode SON waveguide at 3.39 µm,
obtained from RSoft BeamProp simulation; (b) Measured TE mode transmission
intensity modulation obtained by scanning the wavelength of a 1.55 µm tunable laser.
The right-hand inset shows the mode profile at 1.55 µm, obtained by an infrared
camera. The left-hand zoomed region shows distortion in the scan caused by
multimodeness.
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7.4 Conclusions
In summary, SON waveguides are demonstrated and characterized at both mid- and
near-IR wavelengths. At the mid-IR wavelength of 3.39 µm, the fabricated waveguides
have a propagation loss of 5.2 ± 0.6 dB/cm and 5.1 ± 0.6 dB/cm for TE and TM modes,
respectively. The demonstrated integrated photonic platform can extend the operating
wavelength range of silicon photonics up to 6.7 µm for a variety of biophotonic, sensing
and communication applications.

97

CHAPTER EIGHT: FUTURE WORK
In this chapter, suggested future research directions for grating based delay lines
and mid-IR silicon photonics are presented.

8.1 Issue of Thermal Crosstalk in Cascaded Grating Waveguides
As discussed in Section 5.3, the thermal crosstalk was an important issue in our
fabricated cascaded delay lines. This problem needs to be addressed in order to get delays
larger than the reported 82 ps in the cascaded transmission-mode devices. In our current
design, the two gratings are 10 µm apart, as suggested by 3-D heat diffusion simulation
based on COMSOLTM, but apparently the gap is not large enough. Therefore, in the
possible next batch of fabrication, the gap should be increased to minimize thermal
crosstalk. As explained in Section 4.1, the gap length does not affect the combined delay
spectrum. Another alternative is to pursue some sort of thermal isolation between the two
gratings.

8.2 Reflection Mode Grating Based Delay Lines
As mentioned before, both transmission and reflection modes of operation are
envisioned for the grating based delay lines. However, only transmission-mode devices
were experimentally demonstrated in this research. Both single and cascaded reflection
mode devices have higher bit rates than their transmission mode counterparts. Further, due
to their physical design, the thermal crosstalk is not an issue in reflection-mode devices.
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Due to these important properties, fabrication and characterization of the reflection mode
grating devices are worthy pursuing in future research.

8.3 Bit Rate Measurement of Grating Based Delay Lines
In this work, the dispersion limit induced on the bit rate performance of gratingbased delay lines was estimated by the criterion discussed in Section 2.5. A direct
measurement of the operation speed of the delay lines is desired. This can be achieved by
using commercially available bit error rate testers (BERTs).

8.4 SON Wafer Fabrication by Direct Wafer Bonding
In proof-of-concept demonstration of SON dies in Chapter 7, a SOI die was
converted into a SON die and SOG was used for planarization. Perhaps for large-scale
production, SON wafers should be fabricated directly on silicon wafers like the standard
SmartCut SOI wafer fabrication technology [79] using direct wafer bonding techniques
[73-74].

The proposed SON fabrication process is schematically depicted in Fig. 8.1.

Silicon wafer A is ultra-polished and coated with an ultrathin layer (less than a few
nanometers) of thermal oxide. Wafer B is the same kind of silicon wafer but with a thick
layer of silicon nitride and a thin layer of silicon oxide (It should be noted that the thin
thermal oxide may be necessary only if direct bonding of silicon with silicon nitride was
not feasible). In this way, as demonstrated in Ref. [80], the bonding will be essentially
between two SiO2 layers, similar to SOI fabrication technology. Wafer B is then implanted
with hydrogen ions and polished by chemical mechanical polishing (CMP) before direct
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bonding to wafer A. Wafer B is then cleaved through the cleavage produced by ion
implantation and finally the top silicon layer of the bonded wafers is polished.

Si Substrate

SiO2 Wafer A

CMP and
Bonding

SON
SiNx

SiNx

Cleavage
Si Substrate

Si Substrate

Hydrogen implantation
SiNx

SiO2

Si Substrate

Wafer B

Figure 8.1: Proposed fabrication process for silicon-on-nitride (SON) wafers using
hydrogen ion implantation, chemical-mechanical polishing (CMP) and direct
bonding.
For optical waveguides, the thickness of the buried nitride layer in the SON wafer
should be in the order of a few microns to minimize the guided mode overlap with the
silicon substrate. Also, the thickness of the silicon waveguide generally ranges from
hundreds of nanometer to a couple of microns. Therefore, the implanted ions should have
enough kinetic energy to penetrate through both the buried nitride layer and the top silicon
layer. This energy requirement may be beyond the capability of current available ion
implantation systems. To overcome this problem, an alternate fabrication flow is depicted
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in Fig. 8.2. It resembles the employed process of Chapter 7. However, instead of using
SOG, CMP and direct bonding is used.
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Figure 8.2: Proposed fabrication process for silicon-on-nitride (SON) wafers by
converting a silicon-on-insulator (SOI) wafer into SON wafer , using chemicalmechanical polishing (CMP) and direct bonding.
8.5 Integrated Passive Coherent Beam-Combining in Silicon
For nonlinear mid-IR photonics, generally, high optical intensity is required but a
single QCL cannot provide very high powers (Table 1.2). Also, at high current intensities,
room-temperature and CW operation is limited due to the heating of the active region [81].
Therefore, a beam-combining technique can be applied to simply add up the powers of
several lasers, while keeping the beam quality of a single emitter. The beams can be
combined coherently by using a common resonator.
An external common cavity beam-combining scheme is depicted in Fig. 8.3. It uses
a multimode interferometer (MMI) to add up the optical energies of N QCLs. To make a
common cavity for the whole system, the two facing facets of the QCLs and the silicon
chip are anti-reflection (AR) coated to avoid the formation of an undesired Fabry-Perot
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cavity between them and the output facet of the silicon chip and the left facet of the QCLs
are coated with high-reflection (HR) dielectric mirrors. One advantage of the proposed
scheme is that it allows using commercially available QCLs after applying AR and HR
coatings to their facets.

Figure 8.3: External common cavity formed for coherent beam-combining of mid-IR
lasers using a multi-mode interferometer (MMI) device on a silicon-on-sapphire
(SOS) substrate
8.6 Active Coherent Beam-Combining via Mid-IR Silicon Raman Lasing
Optical nonlinearities can also be used for coherent beam combining. Using
stimulated Raman scattering (SRS) for this purpose was suggested in 1986 [82]. SRS was
briefly discussed in Section 1.1 and more details can be found in Ref. [18-25]. Schematic
of our proposed idea to implement active beam combining based on SRS is depicted in Fig.
8.4. The optical outputs of N independent QCLs at λp are combined to pump a Raman laser
on SOS using an MMI on SOS similar to the proposed device in Fig. 8.3. The advantage
over that passive technique is that the common cavity is on silicon, therefore no AR or HR
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coating is needed. Appropriate phase difference among the input waveguides ought to be
preserved in order to have MMI effect, i.e., thermo-optic phase shifters (Figure 8.3) must
be employed here too.

Figure 8.4: Proposed coherent beam-combining technique using a silicon Raman
laser pumped by an array of off-the-shelf QCLs. The Raman laser is essentially a
submicron SOS waveguide with appropriately designed DBRs achieved by grating
waveguides
The actual coherent beam-combining is mediated by Raman lasing in the cavity
shown in Fig. 8.4, which is resonant at the coherent Stokes wavelength of λs. The Bragg
wavelength of the schematically shown integrated distributed Bragg reflectors (DBR1 and
DBR2) is designed to be at λs, while the combined pump power of QCLs at λp is not
reflected by the input DBR1 and can feed the SRS process. DBR3 only reflects λp to boost
the pump intensity in the cavity. The DBRs can be achieved in practice by fabricating
uniform grating waveguides on SOS.
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8.7 Wavelength Tuning of the Active Beam-Combiner
Wavelength-tunable DFB QCLs, over a range of 30 nm, have been reported [83].
A tunable version of the active beam-combiner can be hence realized, if λs of the cavity in
Fig. 8.4 can be tuned with respect to λp (via the Stokes shift of 15.6 THz). This requires a
widely tunable mechanism for DBR1 and DBR2. Our analysis shows that thermal or
electrical tuning of “uniform gratings” does not offer significant tuning but “sampled
gratings” can offer close to 90 nm of continuous DBR tuning, as follows.

Silic

on

hire
Sapp

Figure 8.5: SOS sampled gratings (10 periods) to replace DBR1 and DBR2 in Fig. 8.2
for tuning. In the shown DBR1 case, the total grating length is 1.9 mm. For DBR2,
the grating burst is 6 µm, the sampling period is 226 µm and the total length is 2.26
mm
Sampled-grating DBR lasers have been long demonstrated in III-V compound
semiconductor lasers [84]. The technique essentially relies on detuned DBRs which follow
Vernier effect. To increase the tuning range, the DBRs must be sampled. SOS sampled
grating waveguides, to be fabricated by e-beam lithography, can be similarly envisaged for
wide tuning of DBR1 and DBR2 (Figure 8.5). Figures 8.6(c)-(d) explain the Vernier effect
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with an example design. When DBR2 is at room temperature (TR) and DBR1 is at TR +
33.1ºC, the peak reflectivities coincide only at ~4.565 µm (Figure 8.6(a)). Thus, high
R1×R2 is only achieved at this wavelength (dashed blue curve in Fig. 8.6(b)) within one
Vernier free-spectral range (FSR) of 87.5 nm. The corresponding cavity-enhancement
effect (Fabry-Perot resonances) is shown in Fig. 8.6(c) at the transparency condition (lossless cavity). Meanwhile, by appropriate step-tuning the temperature of DBR1 from ~ TR +
12.6ºC to ~ TR + 66°C, the total Vernier FSR of 87.5 nm range can be scanned in steps of
~15 nm, i.e., the FSR of R1. Two example cases of R1 × R2 peaking at ~ 4.55 µm and 4.64
µm and the corresponding temperatures are also presented in Fig. 8.6(b). Furthermore,
around each of these Vernier alignments of R1 and R2, the reflectivities can be shifted if
both DBRs are heated simultaneously. In effect, continuous tuning over 87.5 nm can be
achieved.
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Figure 8.6: (a) Reflectivity plots of DBR1 and DBR2 when DBR2 is at T R and DBR1
is at TR + 33ºC; (b) R1 × R2 at three different temperatures for DBR1, while DBR2 is
at TR; (c) Cavity enhancement effect for the same conditions of (a). The inset shows
the main Fabry-Perot peaks
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APPENDIX: FABRICATION STEPS OF SILICON WAVEGUIDES
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A.1 Wafer Cleaning
Solvents can clean oils and organic residue on a silicon wafer. But solvents leave
their own residues, therefore a solvent clean is generally followed by an RCA clean
(developed by RCA laboratories). Below are the details.

A.1.1 Solvent Clean
1) 5 minutes ultrasonic bath in Acetone.
2) 5 minutes ultrasonic bath in isopropyl alcohol (IPA).
3) De-ionized (DI) water rinse.
4) Dry blow using nitrogen gun.

A.1.2 RCA Clean
1) RCA-1 clean
a. NH4OH : H2O2 : H2O = 1 : 1 : 5
For 15 minutes
b. DI rinse
c. Dry blow
2) Diluted hydrofluoric acid (HF) dip
a. HF : DI = 50 : 1
For 10 seconds
b. DI rinse
c. Dry blow
3) RCA-2 clean
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at 70°C

a. HCl : H2O2 : H2O = 1 : 1 : 6 at 70°C
For 10 minutes
b. DI rinse
c. Dry blow

A.2 Hard Mask Deposition
A 500-nm thick layer of silicon oxide (SiO2) is used as a hard mask for silicon
etching. SiO2 is deposited using plasma-enhanced chemical vapor deposition (PECVD)
using a Plasma-Therm 790 reactor. The recipe is:
Pressure

= 1050 mTorr

SiH4

= 200 sccm

NO2

= 413 sccm

RF power

= 25 Watts

Deposition rate = 44 nm/Min

A.3 Photolithography
Mask aligner : Karl Suss MJB3 UV 300
Photoresist

: AZ 5214

Developer

: AZ 726 MIF

1) Apply hexamethyldisilazane (HMDS) in vapor form
For 5 minutes
2) Spin coat AZ 5214
4000 rpm, for 40 seconds
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3) Soft bake in oven
95°C, for 15 Minutes
4) UV exposure
For 6 seconds
5) Develop in AZ 726 MIF
For 40 seconds
6) Hard bake in oven
95°C, for 15 Minutes

A.4 Hard Mask Etch
To transfer pattern from photoresist to SiO2 hard mask, the SiO2 was dry etched in
a Plasma-Therm 790 reactive ion etching (RIE) chamber. The recipe is:
Pressure

= 40 mTorr

CF4

= 45 sccm

RF power

= 174 Watts

Etch rate = 32 nm/Min

A.5 Silicon Dry Etching
Silicon waveguide were patterned by etching the silicon in an inductively-coupled
plasma (ICP) RIE chamber. The recipe is:
Pressure

= 10 mTorr

Cl2

= 30 sccm

BCl3

= 6 sccm
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Ar

= 10 sccm

ICP power

= 500 Watts

Bias power

= 200 Watts

Etch rate = 300 nm/Min

A.6 Sidewalls Smoothening
Sidewalls of silicon waveguides were smoothened by a two-step thermal oxidation
process. In each step, 10 nm of silicon was oxidized in an oxidation furnace at 1000°C,
followed by a 10 seconds dip in diluted HF to remove the thermal oxide.

A.7 Facet polishing
After cleaving the silicon die, the waveguide facets were polished by using
ULTRAPOL end & edge polisher from ULTRA TEC manufacturing Inc. The silicon die
with fabricated waveguides was bonded to a dummy silicon die, using wax, to protect its
edges. Deionized (DI) water flowed throughout the polishing process to drain the silicon
particles and other waste from the process. Rotational speed of the polishing plate was 120
rpm for the first polishing sheet (specified below) and 100 rpm for the other sheets. The
polishing steps are:
1) Clean the edges with acetone,
2) Mount the sample on polisher
3) Polish around 200 µm on an 8ʺ silicon carbide sheet with a grain size of 16 µm.
Make sure both dies are polished.
4) Polish around 50 µm on an 8ʺ silicon carbide sheet with a grain size of 5 µm.
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5) Polish for 3 minutes on an 8ʺ silicon carbide sheet with a grain size of 1 µm.
6) Polish for 3 minutes on an 8ʺ aluminum oxide sheet with a grain size of 0.3
µm.
7) Remove wax using acetone.
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